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The present study on adsorption refrigeration is motivated by two main factors. 
Firstly, there is a global thrust towards the minimal usage of primary energy source 
from fossil fuels and secondly the ecological problem concerning the emission of 
chlorofluorocarbons (CFCs) from refrigerating units. These trends bring to a strong 
exigency of adsorption refrigeration systems. In this context, the research work 
presented in this thesis is devoted to a comprehensive thermodynamic analysis and 
development of a batch-operated pressurized adsorption chiller (PAC) using the 
activated carbon, Maxsorb III and refrigerant, R134a.  
 In the current work, the adsorption characteristics of halocarbon refrigerant 
(R134a, R410a, and R507a) with activated carbon (Maxsorb III and ACF A-20) 
adsorbents are investigated using the constant-volume-variable-pressure (CVVP) 
apparatus under isothermal conditions. The experimental results are correlated into 
empirical isotherm models, which are greatly lacking in the published literature. The 
type Maxsorb III activated carbon is found to have significantly high absorbability to 
the R134a vapour owing to its high surface area and specific pore volume. Isosteric 
heat of adsorption is then deduced from the modified Clausius-Clayperon correlation 
at which the effect of adsorbate concentration and temperature are incorporated. In 
addition, adsorption kinetics for halocarbon refrigerants (R134a, R410a, and R507a) 
and methane with activated carbon Maxsorb III are obtained experimentally with the 
effects of bed pressure and adsorbent temperature on the adsorption rate are 




isothermal kinetics correlation is proposed which accurately models the kinetic 
behaviour.  
From the fundamental adsorption characteristics, the thermodynamic property 
fields of adsorbent-adsorbate systems such as internal energy, enthalpy and entropy as 
a function of pressure, temperature, and the amount of adsorbate have been 
developed. Assuming local thermodynamic equilibrium, the proposed thermodynamic 
framework is successfully applied to model the pressurized adsorption chiller. A 
parametric study of the PAC is performed to locate its optimal operating conditions.  
Finally, based on the modelling of pressurized adsorption chiller, a bench-
scale prototype is built where the dimensions are based on earlier simulations. The 
system allows sub-zero cooling as refrigerant R134a is used. The experiments and the 
simulation results from mathematical modelling agree well.  
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 description unit 
A adsorption potential or surface area J kg-1 or m2 
Å Angstroms m 
A1 constant coefficient in Eqn. 3.28 - 
A2 constant coefficient in Eqn. 3.28 - 
AC activated carbon - 
ACF activated carbon fibre - 
b van der Waals volume,  m3 kg-1 
B1 constant coefficient in Eqn. 3.29 - 
B2 constant coefficient in Eqn. 3.29 - 
CFC chlorofluorocarbon - 
COP coefficient of performance - 
COPtheory theoretical coefficient of performance - 
cp specific heat capacity at constant pressure,  J kg
-1 K-1 
Csf liquid-surface combination coefficient - 
CVVP Constant-volume variable pressure - 
D-A Dubinin-Astakhov - 
Ds Surface diffusion  m2 s-1 
Dso pre-exponential factor for surface diffusion - 
E Characteristic or activation energy of adsorption 
system  
J kg-1 
Fo Constant coefficient in Eqn. 3.25 - 
g gravitational acceleration m s-2 
h specific enthalpy J kg-1 
hfg Heat of vaporization  J kg-1 
k adsorption equilibrium constant in Eqn. 3.3 - 
ko pre-exponential constant in Eqn. 3.6 - 
ksav effective mass transfer coefficient corresponding to 
pressure,  
s-1 
LDF linear driving force  - 
m mass kg 
ṁ mass flow rate kg s-1 




n structural heterogeneity parameter - 
P Pressure,  kPa 
P* Equilibrium pressure, kPa kPa 
Pr Prandtl number - 
Q sensible heat  J 
q(t) instantaneous uptake capacity kg kg-1 
q, and q* equilibrium adsorption capacity per unit mass of 
adsorbent at respective pressure and temperature 
kg kg-1 
q” heat flux input to evaporator W m-2 
Qadded Heat input to the sorption element during 
desorption  
J 
qo Optimum or initial state adsorption capacity  kg kg-1 
Qrejected Heat removal from the sorption element during 
adsorption 
J 
Qst Isosteric heat of adsorption  J kg-1 
R universal gas constant J kg-1 K-1 
Rp adsorbent particle radius  m 
s specific entropy  J kg-1 K-1 
S Bulk entropy of adsorbent-adsorbate system  J K-1 
SCE specific cooling effect J kg-1 
T temperature,  K 
t Heterogeneity parameter (Eqn. 3.8) - 
T* equilibrium temperature K 
TA Thermo acoustic - 
TE Thermoelectric - 
u specific internal energy J kg-1 
U overall heat transfer coefficient W m-2 K-1 
v specific volume or volume m3 kg-1 or m3 
V volume m3 
W volumetric adsorption uptake m3 kg-1 
Wo limiting volumetric uptake m3 kg-1 
   
   
Greek symbols description unit 
α overall effective mass transfer coefficient s-1 





γ selection function for return condensate - 
δ switching function designating the role of reactor - 
θ surface coverage or fractional filling in Eqn. 3.1 - 
μ chemical potential J kg-1 
ρ density of adsorbed phase kg m-3 
σ surface tension of the fluid Kg s-1 
Φ thermodynamics property - 
 
Subscript description 
a or abe adsorbed phase 
AC or ac activate carbon 
adb adsorbent 
ads adsorption 
air ambient air 
bed reactor or bed 
c charging cell or condenser 
cond condenser 
cw cold water 
des desorption 
e,a end of adsorption process 
e,d end of desorption process 
eff effective, combination of copper finned-tube heat exchanger and 
activated carbon, Maxsorb III 
e or evap  evaporator 
f fluid phase or final state 
fg difference between saturated vapor and saturated liquid 
g gaseous or vapour phase 




hw hot water 
i inlet or initial state 
l Liquid phases 
max maximum 
min minimum 
o limiting value, initial state or outlet 
p adsorbent particle 
ref or ab refrigerant or adsorbate 
regen regeneration or desorption  
s solid adsorbent, surface, or saturated 
s,d start of desorption process 
st isosteric 
solid solid  
total total 
void oid volume 
μ micro pores 
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Chapter 1 Introduction 
1.1 Background 
The use of solids for removing substances from either gaseous or liquid solutions has 
been widely adopted since biblical times. The application of charcoal to remove odour 
and taste from water was recorded in Sanskrit manuscripts 2 millennia ago (Weber, 
1984). This process, known as adsorption, involves nothing but the preferential 
partitioning of substances from the gaseous or liquid phase onto the surface of solid 
substrate. In other words, the process of adsorption involves separation of a substance 
from one phase accompanied by its accumulation or concentration at the surface of 
another. The adsorbing phase is the adsorbent, and the material concentrated or 
adsorbed at the surface of that substrate is the adsorbate.  
From the early days of using bone char for decolourization of sugar solutions, 
to the later implementation of activated carbon (AC) for removing nerve gases from 
the battlefield (during First World War), to today’s thousands of applications, 
adsorption has become a useful tool for purification, separation, energy storage, 
heating, cooling, and etc. For instance, the thermally activated adsorption refrigeration 
cycles have existed in patent literature since 1909. In 1929, Miller described several 
systems which utilized silica gel and sulphur dioxide as an adsorbent-adsorbate pair 
(Miller, 1929).  Until recently, there has been a substantial increase in interest to use 
adsorbent-adsorbate refrigeration cycle as the system has no major moving parts, 
quiet, long lasting, minimal maintenance and environmentally benign. 
The present study on adsorption refrigeration is motivated by two main 
factors. Firstly, there is a global thrust towards the minimal usage of primary energy 
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source from fossil fuels. The second factor is the ecological problem concerning the 
emission of chlorofluorocarbons (CFCs) from refrigerating units and the urgency that 
non-ozone depleting substances are used. These have lead to the development of new 
systems for space heating/cooling other than the conventional vapour compression 
refrigeration system.  
Other possible refrigeration cycles are absorption, vapour adsorption, 
thermoelectric (TE) and thermo acoustic (TA). Absorption refrigeration cycle, pivoted 
around limited options of absorbent-absorbate pairs (lithium bromide-water and 
ammonia-water) is currently in vogue. However it suffers from the same problem of 
scalability at lower capacities (smaller than 100 W) as does the conventional vapour 
compression refrigeration cycle. On the other hand, TE and TA cycles suffer from 
scalability to larger loads (greater than few 100 W). However, the vapour adsorption 
refrigeration cycle perhaps is the only system that is scalable to all magnitudes of 
loads. In addition to the non-polluting refrigerants, the solid sorption refrigeration 
systems in fact have a very good perspective as it can operated with heat sources 
above but close to ambient temperatures (Gordon and Ng, 2000), i.e. utilizing solar 
energy or industrial waste heat as its primary energy. 
An adsorption refrigeration system shares the same external components 
namely, evaporator, condenser and expansion device as the vapour compression 
system. The only difference is that the role of the mechanical compressor in the 
vapour compression system is replaced by a set of adsorption cells (adsorber and 
desorber), typically 2 to 4 cells, in an adsorption system. The adsorbent materials in 
the adsorber adsorb a relatively large quantity of the refrigerants from the evaporator. 
The refrigerant is then released into condenser at a higher temperature and higher 
pressure by heat supplied to the desorption bed (desorber). Multiple beds are required 
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to maintain a continuous operation or flow of refrigerant since the adsorption and 
desorption processes are intermittent and occur over a period of time. The processes 
i.e. adsorption, heating, desorption and cooling, for a thermal compression system 
(adsorber/desorber) are analogous to the four processes of a mechanical compressor in 
a vapour compression system (suction, compression, discharge and re-expansion). 
The merit of adsorption compression over vapour compression system is that 
perchance liquid entry to the adsorption compressor poses no problem. 
Consequently, the solid sorption refrigeration system is considered to be the 
alternative for the conventional vapour compression refrigeration cycle. However, the 
main drawback of these systems has been their poor performance in terms of cooling 
load and coefficient of performance, COP (Ng, 2004) and large foot print, which 
restricted the development of this technology.  
For design purposes and improving the system performance, it is essential to 
determine accurately the isothermal characteristics as well as the kinetics of 
adsorbent-adsorbate (refrigerant) pair. Design codes of chiller should be equipped 
with the correct isotherms, isosteric heat of adsorption and the coefficients for the 
uptake model. With these key data furnished for the adsorbent-adsorbate pair, only 
then the numerical modelling of the processes of system operation can be computed 
accurately with high level degree of confidence. Moreover, using compressible 
adsorbents with favourable adsorption characteristics may lead to design of a compact 
sorption heat exchanger which is one of the key elements of the system. 
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1.2 Objectives  
The objectives of this study are focus on the comprehensive theoretical analysis and 
experimental investigation for a single-stage thermal compression of refrigerant 
R134a with activated carbon Maxsorb III in a pressurized adsorption refrigeration 
system which can be powered by renewable energy or low grade waste heat sources.  
The current study is the ongoing effort towards experimental investigation of 
the adsorption characteristics including the adsorption isotherm, kinetics, and heat of 
adsorption of refrigerants R134a, R410a and R507a with commercially available 
carbon-based adsorbents including pitch-based powder type Maxsorb III activated 
carbon, and fibre type activated carbon ACF-A20.  
A mathematical model of the single stage pressurized adsorption cooling 
system using novel finned-tube adsorption beds is developed. Based on simulation 
results, a bench-scale pressurized adsorption chiller using Maxsorb III and R134a has 
been designed and fabricated.   
 
1.3 Scope 
The scope of the present work is: 
1. To measure adsorption isotherms of activated carbon fibres types A20 and 
pitch-based activated carbon powder Maxsorb III with refrigerant R134a, 
R410a, and R507a for adsorption cooling applications using the constant-
volume-variable pressure (CVVP) apparatus. The isosteric heat of adsorption 
as a function of adsorbent temperature and adsorbate (refrigerant) 
concentration is extracted from the experimental isotherms. 
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2.  To measure the adsorption kinetics of activated carbon powder Maxsorb III 
with refrigerant R134a, R410a, R507a, and methane using the constant-
volume-variable pressure (CVVP) apparatus. 
3. To propose a new correlation for the non-isothermal adsorption kinetics and 
verified with experimental adsorption kinetics data. 
4. To study and analyze the extensive thermodynamic properties (entropy, 
enthalpy and internal energy) of the single-component adsorbent-adsorbate 
system. The entropy (s), enthalpy (h), and internal energy (u) are described in 
term of system pressures (P), temperatures (T), and the amount of adsorbate 
uptake or surface coverage (q). 
5. To study the thermodynamic modelling and mathematical simulation of a 
single stage pressurized adsorption cooling system in term of system 
behaviour and cycle performance.  
6. To study experimentally the transient behaviour and performance analysis of a 
single stage pressurized adsorption cooling system using pitch-based activated 
carbon Maxsorb III with refrigerant R134a pair in term of  heat transfer fluids 




This thesis comprises 6 chapters describing the various experiments and simulations 
so as to achieve the research objectives. The following is a brief description of the 
contents of each chapter. 
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Chapter 1 gives a brief introduction to adsorption process and the thermally 
activated adsorption refrigeration system. Its compares the advantages of the 
adsorption system over the conventional vapour compression refrigeration system. 
The objectives and scopes of the current study are also presented. 
The scientific background about the adsorption phenomenon and the 
classifications of sorption systems are presented in Chapter 2. The theory of operation 
of the basic adsorption cooling cycle is also discussed in this chapter. A literature 
review on the advanced adsorption cooling systems and types of adsorbent/refrigerant 
pairs which are commonly used in adsorption cooling and heat pump systems are 
presented therein. The thermo-physical properties of different types of pitch-based 
activated carbon Maxsorb III and activated carbon fibre A20 are also shown. 
In Chapter 3, the thermodynamic modelling of the batch-operated pressurized 
adsorption refrigeration systems is presented. The theoretical framework of the 
adsorbent-adsorbate systems at which its potency is inter alia determined by 
adsorption isotherms, adsorption kinetics, thermodynamic properties, specific heat 
capacity and isosteric heat of adsorption are investigated. Furthermore, a non-
isothermal kinetics model is proposed to characterize the vapour adsorption processes. 
From the adsorption isotherm model, the heat of adsorption of a single component 
adsorbent-adsorbate system which is an extension expression of Clausius-Clayperon 
model is derived. From the fundamental characteristic of the single-component 
adsorbent-adsorbate system, the analysis extended to the extensive thermodynamic 
properties (entropy, enthalpy and internal energy). The entropy (s), enthalpy (h), and 
internal energy (u) are described in term of pressure (P), temperature (T), and the 
amount of adsorbate uptake or surface coverage (q), where the effects of specific heat 
capacity and heat of adsorption are taken into consideration.  
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In Chapter 4, the uncertainty analysis of the experimental apparatus is firstly 
presented. This is followed by the discussion on experimental apparatus and 
procedures in two aspects: (i) the adsorption characteristic and (ii) the bench-scale 
pressurized adsorption chiller. This fundamental adsorption information is essential 
for the design and modelling of the pressurized adsorption refrigeration system. The 
adsorption characteristic covers both the adsorption isotherm and kinetics 
experiments. The adsorption isotherms of refrigerant R134a, R410a and R507a with 
activated carbon, Maxsorb III and activated carbon fibre (ACF) A20, were measured 
experimentally using the constant-volume-variable-pressure (CVVP) apparatus at 
temperature ranges from 278 K to 338 K and pressures up to 1.4 MPa. Meanwhile the 
adsorption kinetics for activated carbon Maxsorb III with Methane, R134a, R410a, 
and R507a were evaluated experimentally. The experimental apparatus enables the 
direct measurement of the adsorbent temperature and system pressure for the 
adsorption processes. Last but not least, the design development and the experimental 
procedures for the single stage batch operated pressurized adsorption chiller are 
presented. 
Chapter 5 discusses experimental findings of the adsorption isotherms of 
refrigerant R134a, R410a and R507a with activated carbons, Maxsorb III and 
activated carbon fibre, ACF-A20. The isotherm data are fitted with the Dubinin-
Astakhov (DA) equation. Similarly, the proposed non-isothermal kinetics model is 
employed successfully to represent the adsorption behaviour of activated carbon 
Maxsorb III with Methane, R134a, R410a, and R507a. In addition, by applying 
classical thermodynamic theory, the isosteric heat of adsorption is derived as a 
function of adsorption temperature and adsorbent surface coverage, which may result 
in a more accurate approximation than that from the generally used the Clausius-
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Clayperon method. From the fundamental adsorption characteristics, the temperature-
entropy (T-s) diagram for the single-component adsorption system is plotted. The 
experimental quantifications of the bench scale pressurized adsorption chiller are 
described and the formulations described in Chapter 3 are verified against the 
experimental data. 
The thesis ends with conclusions (Chapter 6) where the originality and 
contribution of the author, and recommendations for future improvements have been 
made.
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Chapter 2 Literature Review 
2.1 Introduction 
In this chapter the literature pertinent to the topic of the investigation will be 
reviewed. The first part of this chapter describes the fundamentals of adsorption 
methodology and characteristic. A brief review of the assorted adsorbent-adsorbate 
pair systems is included in the later part of the chapter.  
 
2.2 Adsorption mechanism 
The term “sorption” is general expression encompassing both the adsorption and 
absorption processes. Adsorption as explained by many authors (Ponec et al., 1974, 
Oscik, 1982, Ruthven, 1984, Suzuki, 1990) is a surface phenomenon occurring at the 
interface of two phases (solid-fluid). Surface forces or unbalanced forces at the phase 
boundary cause changes in the concentration of molecules at the solid/fluid interface. 
The fluid adsorbed on the solid surface referred to as adsorbate and the later referred 
as adsorbent. On the other hand, absorption process in which material transferred 
from one phase to another (e.g. liquid) interpenetrates the second phase to form a 
solution (Papadopoulos et al., 2003). 
Adsorption processes can be classified into physical (physisorption) or 
chemical adsorption (chemisorption). Physisorption involves only relatively weak 
intermolecular forces or van der Waals forces, which means the process is reversible. 
On the other hand, chemisorption involves essentially the formation of chemical bond 
or formation of valency forces between the sorbate molecule and the surface of 
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adsorbent, and thus it may be irreversible (Ruthven, 1984, Suzuki, 1990). Although 
this distinction is conceptually useful, there are many intermediate cases and it is not 
always possible to categorize a particular system unequivocally. However, almost all 
adsorptive cooling or refrigeration processes are categorized as physical adsorption 
rather than chemisorption, and this is therefore the focus of the present review.  
The extent of adsorption of an adsorbate onto an adsorbent surface achieved 
under a set of conditions, which  is characteristic of the adsorbent-adsorbate system 
and depends upon the manner in which the adsorbate and the adsorbent come into 
contact with each other. The adsorbent is firstly characterized by its surface properties 
such as surface area, pore size distribution and polarity, as discussed detail in the 
following sections. 
 
2.2.1  Adsorption equilibrium 
When an adsorbent is in contact with certain surrounding fluid (usually vapour), 
adsorption phenomenon takes place. After a sufficiently long time, both the 
adsorbents and the surrounding fluid reach equilibrium. In this state, the adsorbate 
uptake per unit mass of adsorbent, q is a function of temperature, T and pressure, P, 
i.e. q = f (P, T) (Oscik, 1982, Rouquerol et al., 1999). At constant temperature, the 
change in equilibrium uptake against the pressure is called the adsorption isotherm, q 
= f (P).  If the gas pressure is kept constant and the adsorbent temperature varies, the 
change in amount of adsorbate against the temperature is called the adsorption isobar, 
i.e. q = f (T).  Moreover, if the amount of adsorbate is kept constant, the change of 
pressure against the temperature is called the adsorption isostere, i.e. P = f (T).  
In analysing the adsorption equilibrium, the adsorption isotherm is more likely 
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to use in expressing the results of adsorption rather than isobar or isostere. The 
equilibrium isotherm is one of the important parameters in designing an adsorption 
process. The form of the adsorption isotherm equation may be complex and it is 
usually determined experimentally. There is no simple quantitative theory for 
predicting adsorption isotherms in detail from known parameters. 
The adsorption isotherms can have different shapes depending on the type of 
adsorbent, adsorbate, and molecular interactions between the adsorbate and adsorbent 
surface. It can be categorized into six types by the IUPAC classification as shown in 
Figure 2.1. The first five types (I to V) were originally proposed by Brunauer et al 
(Brunauer et al., 1940) and type VI was included by IUPAC (Rouquerol et al., 1999, 
Sing et al., 1985). 
Isotherm of Type I, or the Langmuir isotherm, is generally true for microporous 
adsorbents, in which the pore size is not very much greater than the adsorbate molecular 
diameter.  It is concave to the relative pressure axis. It rises steeply at low relative 
pressure and attains a limiting value (equilibrium) when relative pressure approaches 
one. The Type II isotherm is observed in adsorbents having wide range of pore sizes, 
with either mono- or multi-molecular adsorption layers. The isotherm curve concaves 
to the relative pressure axis at low relative pressure, and then linear for a small 
pressure range where monolayer coverage is complete, and subsequently becomes 
convex to the relative pressure axis, indicating multilayer formations whose thickness 
increases progressively with increasing relative pressure. This phenomenon can be 
found in adsorption of benzene vapour onto graphitised carbon. 




Figure 2.1  The IUPAC classification of adsorption isotherm 
 
Type III isotherm is uncommon and they include the capillary condensation in 
addition to the multi-molecular adsorption layers. The isotherm curve is convex to the 
relative pressure axis over the entire range, indicating a weak interaction between 
adsorbate molecules and the adsorbent surface. The adsorbed amount rises with the 
increase of the relative pressure because of pore filling. Adsorption of bromine on silica 
gel is an example of this type of isotherm. The Type IV isotherm behaves like that of 
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is associated with capillary condensation in mesopores and macropores, as indicated by 
a hysteresis loop at higher relative pressures. 
The Type V isotherm behaves like that of Type III at low relative pressure but 
levels off at high relative pressure. This type of isotherm shows poor adsorption at 
low relative pressure and shows a hysteresis at high relative pressure due to capillary 
condensation in mesopores and macropores. Lastly, Type VI isotherm consists of 
discrete steps, which may be caused by multilayer formations in different ranges of 
micropores. 
Extensive experimental adsorption data for the ASHRAE designated 
refrigerants R11, R12, R13, R14, R22, R113, R115, R116, R123, R134a, R141b, 
R318, R407a, R407b, and R507a with mainly activated carbon are available in 
literatures (Mahle et al., 1994, Riedel et al., 2000, Berlier et al., 1995, Ahn et al., 
2006, Cho et al., 1995, Park et al., 2003, Moon et al., 1998, Siddye et al., 2007, Croft, 
1997, Tanada et al., 1997, Akkimaradi et al., 2001, Tan et al., 2000, Lin and Lin, 
1999, Tsai et al., 2000, Riffat et al., 1997, Saha et al., 2008). These adsorption data 
are all measured above atmospheric pressure, for example R12, R22 and R115 at 602 
kPa (Berlier et al., 1995), and R134a and R507a for pressure up to 1300 kPa 
(Akkimaradi et al., 2001, Tan et al., 2000, Riffat et al., 1997, Saha et al., 2008). On 
the contrary, Ng et al. (2001), Saha et al., (2006) and Jing and Exell, (1993) have 
studied the adsorption characteristic for silica gel-water, activated carbon fibre-
ethanol and activated charcoal-methanol pairs respectively, which pressures are below 
atmospheric. The above mentioned adsorption isotherm are belong to Type I 
isotherm, where the Langmuir, Tóth, and Dubinin-Astakhov isotherm models are 
usually used to predicted the adsorption uptake curves, which are further discussed in 
the Chapter 3. 
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2.2.2 Adsorption kinetics 
In practical adsorption system applications, the optimum adsorption capacity of the 
adsorbent may be determined from adsorption equilibrium data. However, it generally 
takes long time for the particular adsorbent-adsorbate pairs to reach its equilibrium 
state. The dynamic adsorption kinetic data is important and hence it is vital to conduct 
adsorption kinetics experiment to estimate the practical/dynamic adsorption capacity.  
The Linear Driving Force (LDF) model (Glueckauf, 1955, Guilleminot et al., 
1993) or pseudo-first order reaction model (Latham and Burgess, 1981) is the most 
widely used to express the adsorption kinetics behaviour. It is a simplified expression 
of intrapellet diffusion equation at which the uptake rate of adsorbate is linearly 
proportional to the difference between the equilibrium uptake, q* and the 
instantaneous uptake, q, both measured in kg kg-1.  Mathematically, one may write 
 ( )*dq f q q
dt
= −                   (2.1) 
The function f contains the effective particle-phase transfer coefficient or diffusivity 
as function of adsorbate concentration, which is normally estimated experimentally. 
Previous studies by Sircar and Hufton, (2000) and Li and Yang, (1999) 
provided a useful mathematical approach for representing the adsorption 
concentration profile in activated carbon particle of gas-phase adsorbate by using the 
LDF model. Fletcher et al., (1999, 2006) conducted the experimental investigation on 
the adsorption kinetics of n-octane, n-nonane, methanol and benzene on type BAX 
950 activated carbon and correlated the LDF model to the kinetic data. The kinetics 
experiments for hydrocarbon onto activated carbon and silica gel had been performed 
by Malek and Farooq, (1997). Whereas Scholl et al., (1993) conducted kinetics 
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experiments for water vapour, n-hexane, cyclohexane and tetrachloroethylene on 
single pellets of activated carbon. In addition, El-Sharkawy et al., (2006b) and Saha et 
al., (2006) found that the adsorption kinetics of ethanol on activated carbon fibre 
follows the LDF model.  Reid et al., (1998, 1999) studied the adsorption of gases on 
molecular sieves carbon (MSC), and found that the adsorption kinetics follow a linear 
driving force (LDF). Furthermore, Harding et al., (1998) found that the LDF model 
can be used to represent accurately the adsorption of water vapour by activated carbon 
in a pollutant separation process. The research work in the literature mentioned above 
covers various adsorption processes such as breakthrough behaviour, air separation, 
moving bed systems, pressure swing adsorption and thermal swing adsorption 
refrigeration utilizing activated carbons.  
The above studies are based on the assumption of isothermal adsorption at 
which the temperature changes of the adsorbent during the adsorption process is 
neglected. The assumption is only correct when the adsorption rate is relatively slow 
compared with the heat transfer rate and when the difference between the adsorbate 
concentration at initial and equilibrium adsorption is small. The temperature rises 
during an adsorption experiment can be reduced essentially to zero by making the 
measurement over a sufficiently small differential step change in sorbate 
concentration. However, previous studies demonstrated that the familiar isothermal 
data analysis may give a wrong diffusivity value even if the temperature changes in 
the adsorbents are small (Crank, 1956, Chihara et al., 1976, Sircar, 1981).  
Hence the adsorbent temperature should be take into consideration when 
analysing the adsorption kinetics. For a rapid diffusing system, the sorption kinetics 
may be appreciably influenced by the thermal effects. The significant of thermal 
effects in certain zeolite systems has been demonstrated experimentally by Eagan et 
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al., (1971), Doelle and Riekert, (1977), Ilavsky et al., (1980), and Voloshchuk et al., 
(1983a, 1983b, 1983c). In addition, Fiani et al., (2000) and Meunier et al., (1988) also 
studied on the non-isothermal effect of adsorption kinetics of n-butane on extruded 
cylindrical activated carbon and dichloromethane on actived carbon respectively. 
During adsorption measurements, temperature rises were observed and the uptake 
curves showed significant deviation from the curve for an isothermal system. Several 
mathematical models to calculate adsorbate diffusivity in solid adsorbents from non-
isothermal uptake data measured in a gravimetric or in a volumetric apparatus have 
been formulated. For instances, the Fickian diffusion of adsorbate in the microporous 
gas surface of adsorbent (Brunovská et al., 1978, 1980, 1981, Zolotarev, 1970a, 
1970b, Sircar, 1983), diffusion of adsorbed molecules in the micropores (Armstrong 
et al., 1966, Ruthven, 1980), and diffusion of gaseous adsorbate in the macropores 
between adsorbent particles (Ruthven and Lee, 1981, Lee and Ruthven, 1979, Koricik 
et al., 1980).  
The diffusivity can be estimated by curve-fitting experimental uptake data 
with the above mentioned models, which ranges from complicated numerical 
solutions and cumbersome mathematical expressions to relatively simpler analytical 
equations considering of a series of time-dependent exponential terms with 
transcendental functions as pre-exponents. The primary practical application of the 
diffusivity is in the design of adsorber for cooling systems, where the rate of sorption 
is critical in determining the shape and size of the mass-transfer zones for the 
adsorbates. Unfortunately, mathematical modelling of the adsorbent-adsorbate system 
using the Fickian diffusion model as the mass-transfer mechanism is complicated and 
requires time-consuming numerical solutions for most practical cases. These studies 
mostly considered only the thermal effects onto the adsorbate diffusivity in solid 
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adsorbents. In addition to thermal effects, He et al., (2009) had studied the effect of 
pressure onto the adsorption rate.  
These models for non-isothermal adsorption kinetics provide very useful 
information for the present work. Furthermore, there is a dearth of studies on the 
adsorption kinetics of refrigerants (R134a, R410a and R507a) vapour with activated 
carbon Maxsorb III. Hence, the present studies reports on the ongoing effort towards 
proposing an analytical model where the effects of both system pressures and 
adsorbent temperatures are taken into consideration to estimate the experimental 
kinetics data. 
 
2.2.3 Heat of adsorption 
According to the ideal Langmuir model, the heat of adsorption should be independent 
of coverage. However this requirement is seldom fulfilled in real systems because the 
effects of surface heterogeneity and adsorbent-adsorbate interaction are generally 
significant. The extent to which an adsorbent appears energetically heterogeneous 
depends to some extent on the size of the adsorbate molecule, i.e. the favourable sites 
extend only over small regions of space, which may be accessible only to very small 
molecules. The surface may appear almost energetically uniform to a large molecule 
which sees only the potential averaged over a larger region. 
The isosteric heat of adsorption can be higher than the heat of vaporization 
(condensation) of the adsorbate by 30 to 100 % (Ruthven, 1984). In the design of 
system involving adsorption of a gaseous medium by solid adsorbent, the heat of 
adsorption is a property to be considered. For instance, in an adsorption refrigeration 
system, when the working fluid is adsorbed by a solid adsorbent (exothermic process), 
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in a thermal compressor or reactor, the heat of adsorption has to be removed using a 
heat sink. Similarly when the gas is desorbed (endothermic process) at a higher 
temperature and pressure, there is a need to add in the heat of adsorption. Thus one 
has to consider the variation of the heat of adsorption as a function of loading, which 
in turn depends on the pressure and temperature at which adsorption/desorption 
occurs. 
The heat of adsorption, Qst can be measured experimentally using a 
calorimeter (Dunne et al., 1996a, 1996b). Another experimental method (adsorption 
isotherm in a volumetric or gravimetric apparatus) is widely accepted for studying the 
isosteric heat of adsorption from the application of Clausius-Clapeyron equation 
(Equation 2.2), which relates the adsorption heat effects to the temperature 















For a perfect gas, f is equal to pressure P, and the residue enthalpy hR is equal to zero.  
Two approximations are introduced in deriving the Clausius-Clapeyron 
equation, namely, (i) the bulk gas phase is considered ideal, and (ii) the adsorbed 
phase volume is neglected. These two assumptions are reasonable at low pressures but 
may not be true at higher pressures. Since the current study is focused on high 
pressure systems, a modified Clausius-Clapeyron correlation (Chakraborty et al., 
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where vg in is the specific volume of the vapour phase, dP/dT represents the gradient of 
the pressure with respect to the adsorbate temperature, R is the universal gas constant, 
ma represent the adsorbed phase mass, T and P denotes the temperature and pressure 
respectively. The first term of the right hand side indicates the conventional form of the 
isosteric heat of adsorption derived from the Clausius-Clayperon equation and the 
second term defines the behaviour of adsorbed mass with respect to both the pressure 
and the temperature changes during an adsorbate uptake, which occurs due to the non-
ideality of the gaseous phase, adding extra heat for the adsorption processes. The 
detailed derivation of the above correlation is presented in Chapter 3. 
 
2.3 Characterization of carbon-based adsorbent 
The requirement for adequate adsorptive capacity restricts the choice of adsorbents for 
practical solid sorption systems to microporous adsorbents with pore diameters ranging 
from a few Angstroms, Å to a few tens of Angstroms, such as silica gel, activated 
alumina, activated carbon, and zeolite. Since physical adsorption is caused mainly by 
van der Waals and electrostatic forces between adsorbate molecules and the atoms 
which compose the adsorbent surface, thus adsorbents are characterized by its surface 
properties, i.e. surface area and polarity.  
A large surface area is preferable for providing large adsorptive capacity. 
However for a large internal surface area in a limited volume inevitably gives rise to 
large numbers of small sized pores between adsorption surfaces. The size of the 
micropore determines the accessibility of adsorbate molecules to the adsorbent 
surface hence the pore size distribution is another important property to characterize 
the adsorptivity of adsorbents. 
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Some adsorbents have larger pores in addition to micropores. These pores 
called macropores are several micrometers in size. Macropores function as diffusion 
paths of adsorbate molecules from outside the granule to the micropores in fine 
powders and crystals. Adsorbents containing both macropores and micropores are 
said to have bi-dispersed pore structures.  
In addition, surface polarity corresponds to affinity with polar substances such 
as water, thus referred as ‘hydrophilic’ adsorbents. The zeolite, porous alumina, silica 
gel are examples adsorbents of this type. On the other hand, nonpolar adsorbents are 
generally ‘hydrophobic’. These adsorbents have more affinity with oil rather than 
water. The carbonaceous adsorbents, polymer adsorbents and silicalite are typical 
nonpolar adsorbents. Furthermore, the zeolite and silica gel show a more pronounced 
steady degradation of the adsorption surface area, whereas the activated carbons show 
fully reversible adsorption-desorption processes over a long duration even in 
continuous operation (Srinivasan et al., 1995, Saha et al., 2006b).  
In view of the above properties, two types of carbon-based adsorbents, namely 
Maxsorb III, and ACF-A20 representing pitch-based powdered, and activated carbon 
fibre respectively, have been investigated. The ACF-A20 is supplied by Unitika Co. 
Ltd., Japan with uniform pore diameters of about 13 µm, and Maxsorb III is a 
powdered type carbon based adsorbent developed by Kansai Coke & Chemicals Co. 
Ltd. (Otawa et al., 1993).  It was made from petroleum coke (10-30 mesh) mixed with 
potassium hydroxide, KOH, dehydrated at 400°C and followed by activation at 
temperature of 600-900 °C.  In the powder form, it has a mean particle diameter of 72 
µm, and the ash content is less than 0.1%.  
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The thermophysical properties of the ACF-A20 and Maxsorb III are measured 
by N2 adsorption isotherms at 77.3 K employing an AUTOSORB-1 machine (Saha et 
al., 2006b, He et al., 2009). The working principle of AUTOSORB-1 is to measure 
the quantity of gas adsorbed onto or desorbed from a porous solid at assorted 
equilibrium vapour pressures by constant volumetric method.  As adsorption or 
desorption occurs, the pressure in the sample cell, as indicated in Figure 2.2 changes 
until equilibrium is established. The volume of gas adsorbed or desorbed is the 
difference between the amount of gas admitted or removed and the amount of gas 
filling the sample cell space around the adsorbent. The volume-pressure data is 
transformed into adsorption/desorption isotherms, BET surface area, micropore 
analysis and pore size distribution based on the selected models are furnished in Table 
2.1. 
 













 (g cm-3) 
Maxsorb III 3150
 1.7 2 2.2 
ACF-A20 1930 1.05 2.16 2.2 
 






























Figure 2.2 Schematic of AUTOSORB-1 apparatus 
 
Although Maxsorb III (powder form) has a large surface area, there are two 
problems arising out of this source. Firstly, a lot of care has to be exercised in 
handling them. Particularly, during filling, they tend to get fluidized when 
compacting. During operation, they could get carried into the system along with the 
refrigerant if a fine filter is not used at the exit of adsorption beds. These filters can 
cause additional refrigerant line pressure drops. Secondly, the packing density (of the 
order of 300 kg m-3) achievable with these powder sources is well below those of 
granular or pelletized sources. Monolithic carbon is a proprietary form in realising 
high packing densities and good thermal conductivity (Tamainot-Telto and Critoph, 
1997, Critoph, 2000). Low packing density adds an additional burden on the size of 
adsorption beds. In this context, it is worthwhile consolidating the experience of other 
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researchers who used activated carbons in their research so that their experience can 
be leveraged for construction of a practical system built during the present research. 
 
2.4 Thermally driven solid sorption systems 
The simplest thermally powered adsorption cooling or heat pump cycle comsists of 
three components namely, the evaporator, condenser and sorption reactor 
(adsorber/desorber). The thermodynamic processes of the adsorption cycle are 
superimposed onto the pressure-temperature-concentration (P-T-C or Dühring) 
diagram as shown in Figure 2.3. The processes can be explained briefly as follows,  
(i) Adsorption process (a→b): the reactor is connected to the evaporator 
which makes it possible to adsorb the refrigerant vapour from the 
evaporator. During the adsorption process the adsorber is cooled from 
Ta to Tb. Adsorption heat is removed by coolant that flows inside the 
adsorber. The amount of refrigerant adsorbed (concentration) in the 
bed increases until reaches its maximum value (approaching saturation 
line).   
(ii) Pre-heating process (b→c): the reactor is isolated from both th e 
evaporator and the condenser. Heat is added by an external heat source 
to the sorption element at constant uptake capacity (isosteric heating), 
which results in the adsorbent temperature increases from Tb to Tc. The 
reactor pressure increases from that of the evaporator to the condenser 
pressure. 
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(iii) Desorption process (c→d): the reactor is connected to the condenser 
and the heat input from external source continues in this process. The 
refrigerant vapour is desorbed at constant condenser pressure, Pcond, 
while the temperature increases until it reaches the desorption 
temperature, Td. The desorbed refrigerant is continuously condensed at 
Tcond in the condenser. Condensation heat is rejected by coolant flows 
inside the condenser. In this process, the uptake capacity of adsorbate 
in the reactor bed decreases until it reaches the equilibrium at Td. 
(iv) Pre-cooling process (d→a): the reactor is isolated from both the 
evaporator and the condenser. It is cooled down at constant refrigerant 
concentration from Td to Ta by coolant. The adsorber pressure 
decreases from condenser pressure to the evaporator pressure.   
For an ideal cycle, the mass of evaporated refrigerant is equal to the 
concentration change during adsorption process which can be calculated by using 
Dühring diagram. The specific cooling load is equal to the mass of refrigerant 
evaporated. Meanwhile, the amount of heat input to the cycle depends on the heat of 
adsorption, which is needed during desorption process.  
 




Figure 2.3 Qualitative Dühring diagrams (P-T-W) for basic closed adsorption 
cycle. 
 
2.4.1 Adsorbent-adsorbate pairs for adsorption cooling systems 
The thermally driven refrigeration system particularly solid sorption systems are of 
great interest and considerable studies have been undertaken by numerous 
researchers. In the 1980s, silica gel-water systems have been investigated by Sakoda 
and Suzuki (1984, 1986) in a solar driven adsorption refrigeration system, which can 
achieved a solar COP of 0.2. In 1995, experimental and analytical works have been 
conducted to investigate the effects of operating conditions on the cooling capacity of 
the silica gel-water system Boelman et al., (1995a, 1995b), and Saha et al., (1995). A 
lumped transient and a distributed transient model of two-bed adsorption cooling 
system has been investigated by Chua et al., (1999, 2004), respectively. Saha et al., 
(1997a and 2003b) had developed and analyzed various multi-stage adsorptions 
cooling cycles employing silica gel/water as adsorbent/refrigerant pair. Ng and his 
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group (Ng et al., 2005, 2006, Saha et al., 2006, Gordon et al., 2002) had successfully 
amalgamated the thermoelectric and the adsorption cycles into a combined electro-
adsorption chiller (EAC), which utilizing the silica gel-water for electronic cooling 
purposes. The experiments conducted on the bench-scale prototype show that it can 
meet high cooling loads, typically 120 W with an evaporator foot print of 25 cm2. The 
COPs of this miniaturized EAC chiller varies from 0.7 to 0.8. 
In addition to silica gel, another inorganic type adsorbent, i.e. zeolite is also 
used extensively with water in the solid sorption cooling systems. In the late of 1970s, 
Tchernev et al., (1979) investigated zeolite/water system for solar air conditioning and 
refrigeration. Alefeld et al., (1981) used the same pair for heat pump and heat storage 
systems. Tatlier et al., (1999a, 1999b) proposed an arrangement involving zeolite 
synthesized on metal wire gauzes to enhance the heat transfer within the solar 
collector. The zeolite 4A and zeolite 13X have been investigated in this study. Zhang, 
(2000) also presented a prototype of a waste heat (from diesel engine) driven 
adsorption cooling system using zeolite/water pair,  which can achieve a specific 
cooling power and COP of 25.7 W kg-1 and 0.38, respectively. Sward et al., (2000) 
proposed a model for a thermal-wave adsorption heat pump cycle employing NaX 
zeolite/water as an adsorbent-adsorbate pair to examine the cycle performance. It is 
reported that, the COP was as high as 1.2 for the for a heat source temperature of 120 
°C, condenser temperature of 30 °C and evaporator temperature of – 15 °C. A 
different cycle pattern-periodic reversal forced convective cycle has been studied 
theoretically by Lai, (2000) employing zeolite 13X/water pair. Recently, Wang et al., 
(2006a) presented a novel design of adsorption air conditioner system that can supply 
8-12 °C chilled water with predicted cooling capacity and COP of 5 kW and 0.25, 
respectively. 
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Composite adsorbents made from high conductive carbon (graphite) and 
metallic foam with zeolite have also been investigated by Guilleminot et al., (1993). 
The proposed adsorbents comprise of 65% zeolite + 35% metallic foam and 70% 
zeolite + 30% graphite have high thermal conductivity and hence the system and heat 
pump performance was improved. Pons et al., (1996) investigated experimentally the 
performance of regenerative thermal wave cycle by using a composite adsorbent 
composed of zeolite and expanded natural graphite. It is reported that, the cooling 
COP improved to 0.9 but the cooling capacity was only 35W kg-1. 
Among the different types of organic adsorbent, the activated carbon is 
prominently used as the adsorbent in the solid sorption cycles. Critoph has 
investigated the possibility of using activated carbon/ammonia pair in adsorption 
cooling applications Critoph, (1988). A novel activated carbon/ammonia system is 
proposed by Critoph, (1994) to enhance the adsorbent heat transfer by forced 
convection, which cycle heating COP of 1.3 can be achieved. Critoph, (1998) used the 
same adsorbent-adsorbate pair to build a 10 kW air conditioner. An experimental and 
analytical studied for a two-bed system using activated carbon/ammonia pair has been 
presented by Miles and Shelton, (1996). They reported that, the use of a thermal wave 
for regeneration can increased the cycle efficiency significantly. Meanwhile, a solar-
gas solid sorption ACFs/ammonia based heat pump has been developed by Vasiliev et 
al., (2001), which achieved a solar COP of 0.3 with a cooling efficiency being close to 
0.7. 
Besides ammonia, alcohol (methanol and ethanol) has also been used 
extensively in the adsorption cooling or refrigeration applications. Activated 
carbon/ethanol systems have been investigated mainly in Europe since 1980s. Pons 
and Guilleminot, (1986) studied the activated carbon-methanol system for ice 
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production utilizing renewable energy. Douss and Meunier, (1988) investigated on the 
possibility of using active carbon of type AC135 with methanol pair for refrigeration 
application. It is reported that, for an evaporating temperature equal to 25 °C and 
regeneration temperature difference (the difference between regeneration and ambient 
temperatures) equal to 65 °C, the experimental COP of the intermediate cycle reached 
to 0.5. Critoph, (1988) also studied the possibility of using activated charcoal with 
methanol, acetonitrile, methyl amine and NO2.  Douss and Meunier, (1989) proposed 
and analyzed a cascading adsorption cycle in which an active carbon/methanol cycle 
is toped by zeolite /water cycle. The cycle COP reached as high as 1.06 with a driving 
heat source of 250 °C. Anyanwu et al., (2001), Anyanwu and  Ezekwe, (2003) and 
Wang et al., (2003) also conducted studies on various adsorption systems employing 
the activated carbon-methanol pair. Wang et al., (1997) studied the adsorption 
characteristics for both activated carbon and activated carbon fibre with methanol 
pairs. They reported that the adsorption/desorption time for ACF/methanol pair with 
AC/methanol pair is about 2:1. It was reported that the COP of ACF/methanol pair is 
about 10 to 20 % higher than that of AC/methanol pair. Recently, El-Sharkawy et al., 
(2006a) propose ACF based adsorbent which compensates the low packing density 
through extremely high adsorption capacity for ethanol.  
The analysis of halogenated hydrocarbon refrigerant with activated carbon 
however is limited, with Banker, (2003, 2006) and Banker et al., (2004a, 2004b) are 
the only attempts for R134a as the refrigerant with activated carbon. Loh et al., (2009) 
had also conducted a comprehensive parametric analysis on assorted working pairs at 
various regeneration and evaporation temperature.  
 




A review of literature presented above shows that complex system practices 
needed for sub-atmospheric pressures (water, methanol and ethanol), high pressures 
(ammonia) and flammability in hydrocarbon group were compelling factors in opting 
for halogenated hydrocarbon refrigerant as adsorbate. A major advantage of these 
fluids is that they are ozone friendly. There appear to be no environmental 
impediment on its usage for the next decades. Furthermore, these refrigerants enable 
sub-zero evaporating temperatures; result in higher cooling effects compared to 
water/silica gel adsorption chillers. 
Furthermore, the pitch-based activated carbon powder Maxsorb III is used as 
the adsorbent in current studies as it is highly porous. The seeming disadvantages of 
microporous solid usage can be mitigated through a judicious manipulation of 
processes and techniques that are well established. If one is not unduly concerned 
about the COP, and waste heat recovery is a thrust area, these systems can be viable.  
The above observations form the nucleus for the research. The nexus of an 
adsorption refrigeration system design is based upon the determination of adsorption 
isotherms and kinetics of adsorbent-adsorbate pair as well as the isosteric heat of 
adsorption. Hence, the fundamental experimental studies of the adsorption 
characteristic needed to be conducted comprehensively.  
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Chapter 3 Theory 
3.1 Introduction 
In practical operations of adsorption refrigeration systems, the maximum capacity of 
the adsorbent cannot be fully utilized because of mass transfer effects involved in 
actual vapour-solid interaction processes. The potency of an adsorbent-adsorbate 
system is inter alia determined by its adsorption isotherms, adsorption kinetics, 
thermodynamic properties, specific heat capacity and isosteric heat of adsorption. 
 In order to predict or estimate the practical or dynamic adsorption capacity, 
however, it is essential, first of all, to have information on adsorption equilibrium, 
adsorption kinetics and isosteric heat of adsorption analyses for a particular 
adsorbent-adsorbate system. These are discussed in Section 3.2. Two types of 
adsorption phenomena, namely surface adsorption and micropore adsorption 
isotherms are presented to determine the amount of species adsorbed under a given set 
of conditions (concentration and temperature).  
For the rate of adsorption and desorption, or adsorption kinetics, linear driving 
force model (LDF) is widely used to describe the adsorption of adsorbate onto 
adsorbent surface. It is a simplified expression of intra-pellet diffusion correlation at 
which the uptake rate of adsorbate is linearly proportional to the difference between 
the equilibrium uptake and the instantaneous uptake. This correlation is, however, 
valid only for isothermal adsorption at which the temperature change of the adsorbent 
is neglected during the adsorption process. In the current study, the heat effects 
associated with adsorption are comparatively large, the adsorbent temperature rises 
during the adsorption process. The author has proposed a non-isothermal kinetics 
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model as a function of system pressure and adsorbent temperature to characterize the 
vapour adsorption processes. From the adsorption isotherm model, the heat of 
adsorption of a single component adsorbent-adsorbate system which is an extension 
expression of Clausius-Clayperon model is derived. Additional effects of adsorbed 
mass with respect to both the pressure and the temperature changes during an 
adsorbate uptake are discussed, which are mainly due to the non-ideal behaviour of 
gaseous. 
The extensive thermodynamic properties (entropy, enthalpy and internal 
energy) are analyse in Section 3.3. In a physisorption of an adsorbate onto the micro- 
and mesopore surfaces of a solid adsorbent, the adsorbed phase is held near the pores 
by the existence of van der Waals forces (Ruthven, 1984, Suzuki, 1990). For such a 
system, the entropy (s), enthalpy (h), and internal energy (u) are described in term of 
pressure (P), temperature (T), and the amount of adsorbate uptake or surface coverage 
(q), where the effects of specific heat capacity and heat of adsorption are take into 
consideration. 
Last but not least, Section 3.4 presents the thermodynamic modelling of the 
batch-type pressurized adsorption refrigeration system. The waste-heat driven 
pressurized adsorption chillers (PAC) consists of an evaporator, condenser, and two 
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3.2 Adsorption characteristic 
 
3.2.1 Isotherm 
When an adsorbent is in contact with the surrounding fluid of a certain composition, 
adsorption take place and after a sufficiently long time, the adsorbent and the 
surrounding fluid reach equilibrium. The amount of the component adsorbed on the 
solid adsorbent microporous surface at the equilibrium state is determined as shown in 
Figure 3.1. The relationship between the adsorbed amount, q and pressure in the 
adsorbed phase, P at particular temperature, T, is called the adsorption isotherm at 
respective temperature T. Adsorption isotherms are described in many mathematical 
forms in term of simplified physical picture of adsorption and desorption, as well as 
purely empirical correlation with two or more parameters to correlate the 
experimental data.  In the following sections, the surface and micropore adsorption 
mechanism will be presented. 
   
Figure 3.1 Adsorption Isotherms 
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3.2.1.1 Surface Adsorption 
The simplest theoretical model of adsorption on a monolayer surface is that in which 
localized adsorption takes place on a uniform surface without any interaction between 
adsorbed molecules, i.e. the Langmuir model (Langmuir, 1918). The basic 
assumptions on which the Langmuir model is based are: 
1. Molecules are adsorbed at a fixed number of well defined localized sites. 
2. Each site can hold only one adsorbate molecule. 
3. All sites are energetically equivalent. 
4. There is no interaction between molecules adsorbed on neighbouring sites. 
Considering the exchange of molecule between adsorbed and gaseous phases 
for adsorption and desorption rate are shown in following equations respectively. 
 ( )1ak P θ−  (3.1) 
 dk θ  (3.2) 
Here, θ = q/qo is the surface coverage or fractional filling of the micropore, ka and kd 
refer as constant coefficient for adsorption and desorption rate, respectively. At 
equilibrium, the rate of adsorption and desorption are equal, hence, by rearranging the 












where k = ka/kd is the adsorption equilibrium constant. Equation 3.3 may be 
rearranged to the commonly quoted form, the Langmuir isotherm model as 










This expression shows the asymptotic behaviour for monolayer adsorption 
since at saturation, P→∞, q→qo, and θ→1.0. When the amount adsorbed, q is far 
smaller compared with the optimum adsorption capacity, qo, Equation 3.4 is reduced 














The optimum adsorption capacity, qo represents a fixed number of surface 
sites and it should therefore be a temperature-independent constant. Therefore, the 
temperature dependence of the equilibrium constant should follow the van Hoff 




 =  
 
 (3.6) 
Substituting Equation 3.6 into Equation 3.4, the Langmuir isotherm model 















 +  
 
 (3.7) 
In 1971, Tóth (Tóth, 1971) modified the Langmuir isotherm model by 
introducing the structural heterogeneity, t of the adsorbent. Hence, the Tóth isotherm 
model is expressed as 



















    +       
 (3.8) 
The expression reduces to the Henry type at low concentrations and 
approaches saturation limit at high pressures. The Tóth model is identical to the 
Langmuir model when the heterogeneity parameter, t becomes unity. 
 
3.2.1.2 Micropore Adsorption 
For adsorbent with micropores of size comparable to that of adsorbate molecule, 
adsorption takes place by attractive force from the wall surrounding the micropores, 
and the adsorbate molecules fill the micropore volumetrically. In this type of 
adsorption, the adsorption equilibrium relation for a given adsorbent-adsorbate 
combination is expressed by using the adsorption potential.  
 In 1914, Polanyi first introduced the potential theory that describes the 
correspondence between adsorption uptake and adsorption potential (Polanyi, 1932) 




= =  (3.9) 
 ln sPA RT
P
 =  
 
 (3.10) 
W is the volume of micropore filled by the adsorbate in m3 kg-1, and ρa is the density 
of the adsorbed phase in kg m-3. A is the adsorption potential for the work done in the 
isothermal compression of 1 kg of vapour from the equilibrium pressure, P to the 
saturation vapour pressure, Ps, i.e. the difference in free energy between the adsorbed 
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phase and the saturated liquid phase. R and T represent the universal gas constant and 
temperature, respectively. 
In 1960, Dubinin (Dubinin, 1960) assumed that the adsorption characteristic 







  = −  
   
 (3.11) 
Dubinin later further developed the potential theory to predict the equilibrium 
adsorption uptake (Bering et al., 1966, 1972, Dubinin, 1979, 1985, Stoeckli, 1983), 
and this equation was generalized by Dubinin and Astakhov (Dubinin and Astakhov, 
1970) to the well known Dubinin-Astakhov (D-A) equation, which is for adsorption 
of vapours and gases onto non-homogeneous carbonaceous solids with wide pore size 
distribution (Do, 1998). The D-A model allows for the surface heterogeneity and 







  = −  
   
 (3.12) 
where A is the adsorption potential and W is the amount of uptake in m3 kg-1, Wo is the 
limiting uptake of adsorption space of the adsorbent in m3 kg-1, E is the characteristic 
energy of the adsorption system, and n is the structural heterogeneity parameter, 
which is typically varied from 1.2 to 1.8 for activated carbons (Do, 1998).  
The D-A equation is widely accepted as the most suitable adsorption isotherm 
model for the adsorption of gases and vapours on the microporous adsorbents (Bansal 
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and Goyal, 2005, Ruthven, 1984).  It is found to provide the best representation of the 
adsorption data (Dubinin, 1975). By substituting Equation 3.10 into Equation 3.12, 







     = −           
 (3.13) 
where, the logarithmic form of Equation 3.13 is as follows 






   = −         
 (3.14) 
In the current study, the D-A isotherm model is analysed in the following two 
approaches 
i) with adsorbed phase volume correction, where the adsorbed volume, W 
in Equation 3.13 is expressed as: 
 aW qv=   (3.15) 
where va is the specific volume of the adsorbed phase of the adsorbate. As the volume 
of adsorbed phase cannot be measured directly, it is considered equivalent to the 
corresponding liquid specific volume. Above the saturation temperature, different 
approximations need to be used. The method suggested by Dubinin (Dubinin, 1975) is 
appropriate to represent the adsorption data for halocarbon refrigerant. Consequently 














  (3.17) 
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where v is the saturated specific volume and the subscripts a and boil refer to the 
thermodynamic conditions of the adsorbate in the adsorbed state and at its normal 
boiling point, respectively. Tcri is the critical temperature of the adsorbate, and b is the 
van der Waals volume.  








     = −           
 (3.18) 
where q is the amount of uptake in g/g, qo is the limiting uptake of adsorption space of 
the adsorbent in g/g, i.e. unit mass of adsorbate adsorbed onto unit mass of solid 
adsorbent.  
The detailed adsorption isotherms, experimental apparatus and procedures and 
results will be discussed further in Chapters 4 and 5, respectively.  
 
3.2.2 Kinetics 
Many commercial adsorbents consist of small microporous structure. Such adsorbents 
offer the micropore resistance of the adsorbent particles and macropore diffusion 
resistance of the pallet. Furthermore, since adsorption is an exothermic process, there 
is in a general difference in temperatures of an adsorbate particle and the surrounding 
bulk phase when adsorption takes place. The significance of temperature difference 
depends on the relative rates of mass and heat transfer. 
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3.2.2.1 Isothermal adsorption kinetics 
The linear driving force model (LDF) is widely used to describe the adsorption of 
adsorbate onto an adsorbent surface. It is a simplified expression of the intrapellet 
diffusion equation at which the uptake rate of adsorbate is linearly proportional to the 
difference between the equilibrium uptake, q* and the instantaneous uptake, q(t). 
Mathematically, one may write 
 ( )*s v
dq k a q q t
dt
= −                     (3.19) 
where ksav is the effective particle-phase transfer coefficient as a function of adsorbate 
concentration. However, this correlation is only valid for isothermal adsorption at 
which the temperature change of the adsorbent is neglected during the adsorption 
process. This can only be achieved when the difference between the adsorbate 
concentration at initial and equilibrium adsorption is small. The assumption is only 
correct when the adsorption rate is relatively slow compared with the heat transfer 
rate. However, for a rapid diffusing systems, the sorption kinetics may be appreciably 
influenced by the thermal effects. The temperature rises during an adsorption 
experiment can be reduced essentially to zero by making the measurement over a 
sufficiently small differential step change in sorbate concentration. 
 
3.2.2.2 Non-isothermal adsorption kinetics 
The significance of thermal effects in certain zeolite systems has been demonstrated 
experimentally by Eagan et al., (1971), and Doelle and Riekert, (1977) In addition, 
Fiani et al., (2000) also studied the non-isothermal effect of adsorption kinetics of n-
butane on extruded cylindrical activated carbon. During adsorption measurements, 
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temperature rises were observed and the uptake curves showed significant deviation 
from the curve for an isothermal system. Several mathematical models to calculate 
adsorbate diffusivity in solid adsorbents from non-isothermal uptake data measured in 
a gravimetric or in a volumetric apparatus have been formulated (Brunovská et al., 
1973, 1980, 1981, Armstrong et al., 1966, Chihara et al., 1976, Lee and Ruthven, 
1979, Ruthven et al., 1980, Ruthven and Lee, 1981, Koricik, 1980, Sircar, 1983). In 
addition to thermal effects, He et al., (2009) had studied the effect of pressure onto the 
adsorption rate.  
With these, the present study was therefore undertaken to provide a 
comprehensive theoretical framework for the investigation of thermal and pressure 
effects in adsorption measurements. A modified linear-driving-force (LDF) model 
based on the adsorbent temperature and system concentration is developed to interpret 
experimental adsorption uptake curves. Furthermore, the sudden change of adsorbate 
concentration during the initial stage of  adsorption processes is also incorporated into 
the kinetics model.  
From mathematics, the total derivative of the instantaneous uptake can be 
expressed from the partial contributions of pressure and temperature using the chain 
rule as represented by Equation 3.20.  
 ( ),
T P
dq q dP q dTP T





The first term on the right hand side is the partial derivative of the 
instantaneous uptake with respect to system pressure at constant temperature. The 
second term shows the partial derivative of instantaneous uptake with respect to 
temperature at constant pressure. The details of the partial derivatives are presented in 
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the following equations, by which the effects of adsorbent temperature and system 
pressure are integrated. 
 ( ) ( )
3
* 1 1 exp
2 *s vT
P tq dP k a q q t
P dt P
  − ∂  = − + −      ∂      
 (3.21) 
 ( ) ( )
** 1
P
q dT Tq q t
T dt T t
β
 ∂  = − −    ∂   
 (3.22) 
where P* and T* in Equations 3.21 and 3.22 represent the equilibrium pressure and 
temperature, respectively. Similarly P(t) and T(t) represent the instantaneous process 
pressures and adsorbent temperatures when adsorption takes place. ksav and β are the 
effective mass transfer coefficient corresponded to the process equilibrium pressures 
and temperatures, respectively i.e. ksav(P*) , β(T*). The second term on the right hand 
side of Equation 3.21 represents the unit-step function for the system pressures profile 
during adsorption. The corresponding second term on the right hand side in Equation 
3.22 represents the adsorbent temperatures profile. 
By substituting Equations 3.21 and 3.22 into Equation 3.20, results in:  
 ( ) ( ), *dq P T q q t
dt
α= −    (3.23) 
where α is the overall effective mass transfer coefficient and is presented below as 
 ( )
( )
3 *1 1 exp 1
2 *s v
P t Tk a
P T t
α β
    −    = + − + −     
         
 (3.24) 
The effective mass transfer coefficient, ksav can be expressed as the function 







=  (3.25) 
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where Fo is a constant, Ds is the surface diffusion, and Rp is the particle radius.  
The relation between the surface diffusion and adsorption temperature can be 




− =  
 
 (3.26) 
where E is the activation energy of the adsorbate. Dso is a pre-exponential constant 
that varies with the equilibrium pressure. By applying Equation 3.26 into Equation 
3.25, the effective mass transfer coefficient, ksav can be expressed as 
 * exps v so
Ek a D
RT










=   
is a function of equilibrium pressure, P*. 
The correlations for ksav and β are present in Equations 3.28 and 3.29, 
respectively as  
 
*
1 2 exps v
cri
P Ek a A A
P RT
   − = +    










= +  
  
 (3.29) 
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where A1, A2, B1, and B2, are the constant coefficients which can be regressed from the 
experimental adsorption kinetics data.  
If the effects of pressure and temperature are insignificant, Equation 3.23 is 
reduced to the original LDF model.  
( )
( )
( ) ( ) ( )
3
2 * *, 1 1 1 * *
P t
P
s v s v






        = + − + − − ≈ −                 
  
In order to determine the instantaneous uptake for a paricular adsorbent-














−∫ ∫  
 ( )*ln constantq q t tα − − = +   
with initial condition t = 0 and q(t) = 0, one can get 
 ( )*constant= ln q  
which implies that 









= −  (3.32) 
Rearranging Equation 3.32, the instantaneous uptake may be expressed as 
 ( ) ( )* 1 expq t q tα= − −    (3.33) 
 The instantaneous uptake (Equation 3.33) can be employed to predict the 
experimental adsorption kinetics curves. The detailed adsorption kinetics 
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experimental apparatus and procedures and results will be discussed further in 
Chapters 4 and 5, respectively.  
 
3.2.3 Isosteric heat of adsorption 
As the adsorbate molecules are adsorbed onto the solid adsorbent surface, the molecules 
become more stabilized on the adsorbent surface than in the bulk phase, the changes of 
the kinetic energy leads to the evolution of heat, i.e. an exothermic process. The heat of 
adsorption released into the adsorbent causes the increases of the adsorbent temperature 
which in turn influence the adsorption rate and uptake. Therefore, the heat of adsorption 
is one of the key thermodynamic variables for the adsorption system.  
The extent to which an adsorbent appears energetically heterogeneous depends 
on the size of the adsorbate molecules. If the adsorption sites extend over small region 
of space, only small molecules can access. According to the ideal of Langmuir model, 
the heat of adsorption should be independent of coverage. The adsorption sites are 
energetically homogeneous to larger molecules, which see only the potential averaged 
over a larger region.  
This is seldom fulfilled in real systems because the effect of surface 
heterogeneity and adsorbed phase interaction are significant. It is therefore vital to 
understand the magnitude of the heat of adsorption and its variation with surface 
coverage for a particular adsorbent-adsorbate system. 
From a thermodynamic view point, the isosteric heat of adsorption, Qst is 
defined as the differential change in energy, ∂Q that occurs when an amount of 
adsorbate is brought from bulk phase to the adsorbed phase ∂ma at constant pressure, P 
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temperature, T and constant mass of adsorbents, ms (Tien, 1994, Pan et al., 1998, 







∂ =  ∂ 
 (3.34) 
The elemental energy dQ that is rejected into the adsorbent can be expressed as: 
 dQ TdS− =   (3.35) 
where the entropy S is the total bulk entropy of the adsorbent-adsorbate system,  
 g a sS S S S= + +    
Sa and Sg denote the entropy of the adsorbate in adsorbed and gaseous phase, 
respectively, whilst Ss is the entropy of the solid adsorbent. 
 Hence Equation 3.35 can be decomposed into: 
 
, , , , , , , ,s s s s
ga s
st
a a aP T m P T m P T m P T m
SS SQQ T
m m m m
 ∂     ∂ ∂∂   = = − + +      ∂ ∂ ∂ ∂         
 (3.36) 
Assuming no change in the entropy on the solid adsorbent, and with the 












 a gdm dm= −  
where mg is the mass of the adsorbate in gaseous phase, Equation 3.36 can be simplified 
into: 




, ,, , ss
g a
st
g a P T mP T m
S SQ T
m m
  ∂  ∂ ≅ −    ∂ ∂    
 (3.37) 
It is well known that the chemical potential of adsorbed phase, µa is a result for 
partial change of internal energy (u) with the infinitesimal amount of adsorbed 
adsorbate (∂ma). The total differential of chemical potential in the adsorbed and gaseous 
phases are expressed mathematically as: 
 
, , ,a a
a a a
a a
aP m T m P T




 ∂ ∂ ∂   = + +     ∂ ∂ ∂     
 (3.38) 




aP m P T
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T m






aT m P T
V v
P m
µ  ∂ ∂  = − =  ∂ ∂   
 (3.40) 





a aP T P T




   ∂ ∂
= − + +   ∂ ∂   
 (3.41) 











   ∂ ∂
= − +      ∂ ∂   
 (3.42) 
When the adsorbent-adsorbate system reach equilibrium and at constant 
adsorbate uptake amount, 
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 a gµ µ=  (3.43) 








Then substituting Equations 3.41 and 4.42 into Equation 3.44, results in the 
following 
 
, , , ,
g ga a
a a
a a g gP T P T P T P T
S VS dT v dP dm dT dP
m m m m
µ    ∂ ∂   ∂ ∂
− + + = − +          ∂ ∂ ∂ ∂       
 (3.46) 


















=   ∂ 
 
Substituting Equation 3.47 into Equation 3.37,  
 ( )st g a dPQ T v v dT≅ −   (3.48) 
In Equation 3.48, the specific volume of the adsorbed phase is much smaller 





≅   (3.49) 
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dT m dT T
 ∂ ∂ = +   ∂ ∂  
  






dmP PQ Tv Tv
T m dT
 ∂ ∂ = +   ∂ ∂   
 (3.50) 
By employing the ideal gas equation, the first term on the right hand side of 




















∂ ∂   ⇒   ∂ ∂   





   




m dt m dT dT
  ∂ ∂  ≈ =     ∂ ∂     
  













∂   ≈ − +     ∂
 
 (3.51) 
The first term of the right hand side indicates the conventional form of the 
isosteric heat of adsorption derived from the Clausius-Clayperon equation and the 
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second term defines the behaviour of adsorbed mass with respect to both the pressure 
and the temperature changes during an adsorbate uptake, which occurs due to the non-
ideality of the gaseous phase, adding extra heat for the adsorption processes. 
By using the equilibrium adsorption uptake from D-A isotherm equation that is 







     = −           
 










= − −  
  
 (3.52) 
Differentiating Equation 3.52 with respect to 1/T at specific coverage 
 











= − −  
∂ ∂   
 (3.53) 











R P q dPQ E Tv
q dT
T
  − ∂  ≈ + − +    
 ∂   
  (3.54) 
Qst denotes the isosteric heat of adsorption in kJ·kg-1, P  is the equilibrium pressure in 
kPa, T  is the adsorbent temperature in K, and R  is the universal gas constant in kJ·kg-
1·K-1. 
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Applying Equation 3.54 for the refrigerant vapour adsorption with activated 
carbon, it can determine quantitatively the isosteric heat of adsorption, which is a 
function of surface coverage and adsorbent temperature.   
Moreover, the first item on the right hand side of Equation 3.54 represents the 




















q dPQ h E Tv P T
q dT
 
= + + 
 
  (3.56) 
where vg in is the specific volume of the vapour phase, and dP/dT represents the 
gradient of the pressure with respect to the adsorbate temperature. 
 
3.3 Thermodynamic property of adsorbent-adsorbate system 
The physical adsorption system is a combination of both the adsorbed phase (vapour) 
and the solid adsorbent. For a given mass of solid adsorbent (ms), the extensive 
thermodynamic properties such as entropy (s), enthalpy (h), and internal energy (u) of 
a single component adsorbent and adsorbate system are path independent. Their 
changes from state to state can be traced by integrating in succession between the 
limits of Po and P, To and T, and qo (q=0) and q, with T and q, P and q, and P and T 
being held constant respectively. The process path or changes of the extensive 
property, Ф from initial state (Po, To, and qo ≈ 0) to final state (P, T, and q > 0) for a 
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single-component adsorbent-adsorbate system is graphically presented in Figure 3.2 
with two alternative paths.  
 
 
Figure 3.2 Thermodynamic process paths showing the extensive properties from 
initial state to the final state (two possible paths are shown). 
 





f T P q
i T P
P q T q P T
d dT dP dq
T P q
 ∂Φ ∂Φ ∂Φ   Φ = +     ∂ ∂ ∂     
∫ ∫ ∫ ∫  (3.57) 
where i, and f indicate the initial and final states respectively.  
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 ∂Φ ∂Φ ∂Φ   Φ = + +     ∂ ∂ ∂     
 ∂Φ ∂Φ ∂Φ   + + +     ∂ ∂ ∂     
∫ ∫ ∫ ∫
∫ ∫ ∫
 (3.58) 
where the subscripts s and a, indicate the solid adsorbent and adsorbate vapour phase, 
respectively. Hence, Equation 3.58 represents the generalized equation for 
determining the extensive thermodynamic properties for any adsorbent-adsorbate 
system.   
 
3.3.1 Specific heat capacity 
The specific heat capacity of the single-component adsorbent-adsorbate system 
comprises three parts, namely (i) the specific heat capacity of solid adsorbent (cp,s), 
(ii) the partial contributions from the heat capacity of adsorbed phase to be considered 
as liquid phase (cp,l), and (iii) the gaseous phase specific heat capacity (cp,g). 
 It is well known that the adsorbed phase specific heat capacity (cp,a) is defined 
as the temperature derivative of the partial differential adsorbed phase enthalpy at 
constant surface coverage, q. (Al-Muhtaseb and Ritter, 1999, Chakraborty et al., 2007, 
Sychev, 1992)  




∂ =  ∂ 
 (3.59) 
 Using the functional determinants or Jacobians (Sychev, 1992), where ha and 
q for T are the determinants. 
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∂ ∂   
   ∂ ∂∂    
=
∂ ∂ ∂   
   ∂ ∂   
∂ ∂∂ ∂      = −      ∂ ∂ ∂ ∂      
 (3.61) 
















∂ ∂   
   ∂ ∂∂    
=
∂ ∂ ∂   
   ∂ ∂   
∂ =  ∂ 
 (3.62) 
 Now substituting Equations 3.61 and 3.62 into Equation 3.60,  









h h P T
qT T
P
∂ ∂   
  ∂ ∂ ∂ ∂      = −    ∂∂ ∂     
 ∂ 
 (3.63) 
 Since the adsorption uptake q, is a function of two variables, P, and T, or q = 
q(P,T). Therefore, it is justified to consider P as a function of T and q, P = P(T,q) or T 
as a function of P and q, T = T(P,q).  

















 ∂  ∂ = −  ∂ ∂   ∂ 
 (3.65) 
From these equations, the thermodynamic behaviour of cp,a may be obtained as 




∂ ∂ ∂     = +     ∂ ∂ ∂    
 (3.66) 
By applying the Gibbs law and Maxwell equation, 
 a a aa
T P T
h v vT v P
P T P
∂ ∂ ∂     = − + +     ∂ ∂ ∂     
 (3.67) 
The first term on the right hand side of Equation 3.67 is the thermal expansion of the 
adsorbed phase, va is the specific volume of the adsorbed phase, and the third term 
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indicates the isothermal compressibility of the adsorbed phase. For simplicity, it is 
reduced to 
 g ga g
T P T
v vh T v P
P T P
∂ ∂   ∂  ≈ − + +    ∂ ∂ ∂     
 (3.68) 
Substituting Equation 3.68 into Equation 3.66, the specific heat capacity of the 
adsorbed phase, cp,a is  
 , ,
g g
p a p g g
q qP T
v vP Pc c v T P
T T P T
 ∂ ∂   ∂ ∂   = + − +       ∂ ∂ ∂ ∂        
 (3.69) 
The partial differential (∂P/∂T)q can be extracted from the conventional 
Clausius-Clayperon equation, which can be replaced by the measurable heat of 





∂ ∂   = =   ∂ ∂   
 (3.70) 





∂  ∂∂  ≈ −   ∂ ∂ ∂  
 (3.71) 
Equation 3.69 can now be rewritten as  
 , ,
1 1 g st
p a p g st
Pg P
v Qc c Q
T v T T
 ∂  ∂
= + − −  ∂ ∂   
 (3.72) 
 




The entropy for a single-component adsorbent-adsorbate system (Chakraborty et al., 
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∫ ∫ ∫ ∫
∫ ∫ ∫
 (3.73) 
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  Assuming the dependency of solid-phase entropy for the adsorbent-adsorbate 
system to the pressure and surface coverage is insignificant, the final entropy state is 
 
0
, , , ,
o o o
T T P qf i s a a a
T T P
P q P q T q P T
s s s ss s dT dT dP dq
T T P q
 ∂ ∂ ∂ ∂     = + + + +       ∂ ∂ ∂ ∂       
∫ ∫ ∫ ∫  (3.75) 
 For a pure and incompressible solid adsorbent,  
 ,
,o o





 ∂  =   ∂   
∫ ∫  (3.76) 
where cp,s is the specific heat capacity of the solid adsorbent. Similarly, for the 
adsorbed phase, the specific heat capacity, cp,a is  
 ,
,o o





 ∂  =   ∂   
∫ ∫  (3.77) 
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s vdP dP
P P
∂ ∂   = −   ∂ ∂   ∫ ∫
 (3.78) 
Similarly, from Section 3.2.3 (Equations 3.38 to 3.45), the following correlation 
can be obtained 
 
, , , ,
g ga a
a
g gP T P T P T P T
S VS dT v dP dq dT dP
q q m m
µ    ∂ ∂   ∂ ∂
− + + = − +          ∂ ∂ ∂ ∂       
 (3.79) 
 Rearranging the above equation, one can get the entropy change with respect to 
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=  ∂ 
 
 From Equation 3.80, the total differential entropy of the adsorbent-adsorbate 
system can be written as: 
 ( ), ,
,
p s p a s a
g g a
P P q
c c v v dPds dT dP dP s v v dq
T T T T dT
  ∂ ∂     = + − − + − −      ∂ ∂      
 
Hence, the equation of entropy for any particular state can be simplified to 
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From the derivation of specific heat capacity (Equation 3.72) and T(vg-
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  ∂  ∂ = + + − −   ∂ ∂     







Applying the Gibb’s free energy equation 
  dh Tds vdP= + , 
From the derivation of specific heat capacity (Equation 3.72) and T(vg-
va)(dP)/(dT)=Qst, the enthalpy of the single-component adsorbent-adsorbate system is 
given as 
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3.3.4 Internal energy 
By definition, the internal energy (u = h - Pv) for the single component adsorbent-
adsorbate system is represented by 
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3.4 Modelling of a pressurized adsorption refrigeration system 
This section focuses on the thermodynamic modelling of a batch-operated pressurized 
adsorption chiller (PAC), which comprises mainly an evaporator, a condenser, and 
two reactor beds, as shown in Figure 3.3.  




Figure 3.3 Schematic of the principal components and energy flow of the 
pressurized adsorption chiller (PAC) 
 
For continuous cooling, the batch-operation of the PAC cycle involves two 
time intervals, namely the operation and switching time interval. During the 
operation, each of the reactor beds is interacted with either the evaporator or 
condenser, for the adsorption and desorption processes, respectively. Mass transfer 
across the bed and condenser or evaporator commenced. The hot water from either 
waste heat or solar hot water system supplies thermal energy to the desorber to 
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regenerate the refrigerant vapour from the adsorbent. Conversely, external cooling 
water from the cooling tower is supplied to the adsorber to remove the heat generated 
during the adsorption process. The air-cooled condenser condenses the desorbed 
vapour from the designated desorber and the condensate (refrigerant) is channelled 
back to the evaporator via a capillary tube and pressure regulator. Finally pool boiling 
is affected in the evaporator by the vapour uptake at the adsorber and thus completing 
the refrigeration close loop or cycle. 
During the switching process, the roles of reactor beds are inter-changed 
(adsorption bed converts into desorption mode and desorption bed changes into 
adsorption mode). The evaporator and condenser are isolated from the reactor beds, 
and no mass transfer occurs between the desorber and the condenser or adsorber and 
the evaporator. In other words, no latent heat is transferred from the evaporator to the 
cold bed and from hot bed to the condenser. Hot water is supplied to the reactor bed, 
which undergo adsorption process previously. Concomitantly, the external cooling 
water is supplied to the previously desorbed bed. These enable the preparation of the 
reactor beds for the next operation cycle. After sufficient time for pre-heating or pre-
cooling of reactor beds, the beds are ready for the next operation cycle. 
 
3.4.1 Mathematical modelling 
To simplify the mathematical modelling of the pressurized adsorption chiller (PAC), 
the following assumptions are made 
• the temperature is uniform in the adsorbent layer (Maxsorb III 
activated carbon is used in the current study),  
• the adsorbate vapour is adsorbed uniformly in the reactor bed, 
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• the adsorbed gas phase and the solid adsorbent are locally in 
equilibrium with the refrigerant vapour  phase, 
• the properties of solid adsorbent, reactor chamber materials, copper 
finned-tube heat exchanger and water (specific heat, density, and 
viscosity) are assumed to be constant over the operating range of 
pressure and temperature. 
The fundamental adsorption characteristics of a single-component adsorbent-
adsorbate system were discussed in Section 3.2. These properties namely, adsorption 
isotherm, adsorption kinetics, and isosteric heat of adsorption are used in the 
modelling and analysis of a particular adsorbent-adsorbate refrigeration system.  
At the beginning of each cycle, the adsorber bed and desorber bed are isolated 
from the evaporator and condenser respectively by valves connected in between, no 
mass transfer occurs, i.e. the isosteric phase.  
During the operation process, the adsorption bed interacts with the evaporator. 
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  ∂  + − =   ∂     





Here the value of the switching function, δ depends on the processes in the bed 
or reactor. δ equal to 1 for adsorption and 0 for desorption.  The subscripts AC, ads, a, 
g, s, evap, cw, i, and o represent the activated carbon, adsorption, adsorbed phase 
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refrigerant, vapour phase refrigerant, saturation state, evaporator, external cold water 
supply, inlet and outlet respectively. The first term on left hand side represent the 
sensible heat required to cool the effective mass, meff (the finned-tube copper heat 
exchanger, the stainless steel reactor chamber), and the activated carbon, Maxsorb III, 
mAC. The second term indicates the sensible cooling for the adsorbed phase 
refrigerant. On the other hand, the first term on the right hand side denotes the heat 
generation by adsorption and last term is the heat rejection from the adsorption bed by 
external cooling source. As the PAC is well insulated, it is assumed that the heat 
losses from the bed to the surrounding are negligible.  
The outlet temperature of the cooling source is calculated by applying the log 
mean temperature difference method (LMTD) and it is given as 
 ( ) , ,, ,
,
exp tube ads tube adso cw ads i cw ads
cw p cw
U A
T T T T
m c
 
= + −   
 
 (3.88) 
For the desorption process, the desorber bed interacts with the condenser. By 
supplying the hot water into the activated carbon packed reactor bed, the adsorbate is 
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where the subscripts cond, des and hw, refer to the condenser, desorption process, and 
hot water respectively. 
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Similar to the adsorption reactor bed, the first term on left hand side represents 
the sensible heat required to cool the effective mass, and the activated carbon. The 
second term indicates the sensible cooling for the adsorbed phase refrigerant. The first 
term on the right hand side denotes the isosteric heat of desorption and the last term is 
the heat added to the desorption bed by external heating source. Similarly, the hot 
water outlet temperature may be calculated from the LMTD as 
 ( ) , ,, , , ,
,
exp tube des tube deso hw bed des i hw bed des
hw p hw
U A
T T T T
m c
 
= + −   
 
 (3.90) 
In current design, the condenser is of air-cooled finned type with cross flow air 
streams. The condenser liquefies the refrigerant from the desorption bed and delivers 
the condensate back to the evaporator. The energy balance of the condenser is 
considered at two aspects namely, (i) the thermal dynamics effect within the sorption 
beds depends on the condenser performance, and (ii) the energy balance within the 
condenser itself. In current studies, the condenser and desorption bed are operated in 
such a way that always maintained at the refrigerant saturated vapour pressure. The 
energy balance for the condenser is      
 
( )
( ) ( )
( ) ( ) ( ) ( ) ( )
, , , ,
,, 1 1
cond
cond p cond ref cond p ref cond cond
des
cond cond cond air f cond AC
des
g cond bed des g cond f cond AC
dTm c m c T
dt
dqU A T T h T m
dt
dqh P T h T h T m
dt
γ
θ θ θ γ
 + = 
− − + −
 + − − − 
 (3.91) 
The left hand side term represents the sensible heat of the condenser material, 
mcondcp,cond and the condensate left inside the condenser, mref,condcp,ref,cond. While the 
three terms on the right hand side denote the heat removal to the surrounding air, heat 
generation by condensation, and the sensible heat of adsorbate desorbed during 
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regeneration, respectively. The thermodynamic properties, cp, hf, and hg for the 
adsorbate (refrigerant) can be determined at the respective pressure and temperature. 
The condenser is designed so that it is able to contain a certain maximum 
amount of condensate, mmax_ref,cond. The condensate will flow back through a capillary 
tube into the evaporator for any amount greater than this. The following criteria 
identify the value of γ in Equation 3.97. 
• , max, ,ref cond ref condm m<  → 
1=γ  
• , max, ,ref cond ref condm m=  and 0des
dq
dt
≤  → 0=γ  
• , max, ,ref cond ref condm m=  and 0des
dq
dt
>  → 1γ =  
The energy balance for evaporator is identical to that of the condenser as 
 
( ) ( )
( ) ( )
( ) ( ) ( )
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load evap f cond AC
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g evap bed ads g evap AC
dT dm
m c m c T h T
dt dt
dqQ A h T m
dt




 + + = 
− − −
 − + 
 (3.92) 
where Q” is the constant heat flux to the cooling components. The value δ is the 
switching function which depends on the processes in the bed, i.e. 1 for adsorption 
and 0 for desorption processes. The first term on left hand side represents the sensible 
heat of the evaporator material and the condensate. The second term shows the 
enthalpy of evaporated liquid during pool boiling. Meanwhile, the first term on right 
hand side denotes the heat generated by the load, follow by the sensible heat of 
incoming condensate from condenser, and last term is the heat of evaporation.  
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The load surface temperature is estimated using the Rohsenow’s boiling 















 = +    −    
 (3.93) 
where Csf is the liquid-surface combination coefficient, g is the gravitational 
acceleration, σ is the surface tension of the fluid, and ρf and ρg are the density of the 
liquid and vapour phase.  
The mass balance of the adsorbate is expressed by neglecting the gas phase as, 
 ( )( ), 1 1ref evap des adsAC
dm dq dqm
dt dt dt
δ γ = − − −  
 (3.94) 
where δ and γ are the switching functions to designate the role of the desorber where 
the vapours are condensed at the condenser. The energy flow diagram for the 
adsorption operation process can be found in Figure 3.4. 
During the switching process, the adsorption bed changes to desorption mode, 
vice versa. There is no interaction between reactor beds with evaporator and 
condenser, i.e. no mass transfer occurs. The governing energy balance equation for 
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The energy balance of evaporator is as follow,         
 ( ) '', , , , /evapevap p evap ref evap p ref evap evap load evap loss gain
dT
m c m c T Q A Q
dt
 + = +   (3.98) 
The subscript loss/gain refers as the heat losses from or gains to the 
evaporator. These energy balance equations are based on the fact that pressure and 





















































Figure 3.4 Block diagram to highlight the sensible (solid line arrows) and latent 
(dashed line arrows) heats flow of a waste heat driven pressurized adsorption of 
chiller. 
 
The cycle-average coefficient of performance (COP) of the waste-heat driven 
adsorption cycle is expressed in terms of the cycle-average cooling rate of the overall 
Evaporator 
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system, i.e. the rate of heat extraction at the evaporator, Qcooling and the power input 













where t denotes cycle time, which is combination of operation and switching periods. 






=  (3.100) 
where hfg is the latent heat of the refrigerant or adsorbate, and Qst is the isosteric heat 
of adsorption at same pressure and temperature conditions.  
 
3.5 Summary 
This chapter presents the theoretical aspect of the adsorption characteristic in terms of 
adsorption isotherm, adsorption kinetics, isosteric heat of adsorption, specific heat 
capacity, and the extensive thermodynamic properties. The adsorption isotherm is 
analyzed using the surface (Langmuir and Tóth models) and micropore (Dubinin-
Astakhov) adsorption isotherms model.  The former is more suitable for monolayer 
adsorption whereas the later covers higher concentration regions. Both the models are 
used to estimate the amount of species adsorbed under a given set of conditions 
(concentration and temperature) for a particular adsorbent-adsorbate system.  
 Since most of the solid adsorbent pellets are inevitably microporous and 
adsorption takes place almost exclusively in the ‘internal void surface’ of the pallets, 
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the intrapellet mass transfer is considered as part of the uptake process. To simplify 
the analysis, the so-called ‘lumped’ parameter model, i.e. the Linear Driving Force 
(LDF) model (Equation 3.19), which is based on isothermal assumption, has been 
presented. In current analysis, a non-isothermal kinetics model has been successfully 
derived. The effects of system pressure and adsorbent temperatures are incorporated 
into the non-isothermal adsorption kinetics model. This model is verified using the 
experimental data and discussed in Chapter 4.  
The thermodynamic property of single-component adsorbent-adsorbate system 
have been developed and described from the rigor of chemical equilibria between 
adsorbed and gaseous phases and Maxwell relations. These property fields enable the 
computation of the entropy, enthalpy, specific heat capacity, and isosteric heat of 
adsorption as a function of pressure, temperature, and the amount of adsorbed phase, 
which are essential for the evaluation the energetic performance of adsorption 
refrigeration system.  The derived thermodynamic formulations fill up the information 
gap with respect to the state of adsorbed phase to dispel the confusion as to what the 
actual adsorbed state.  
Subsequently, a theoretical model has been developed incorporating the 
transient modelling equations with realistic adsorption isotherms, adsorption kinetics, 
and the heat and mass transfer correlations. The validity of the simulation is shown by 
comparison with experimental PAC results in the Chapter 5. 
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Chapter 4 Experiments 
4.1 Introduction 
In this chapter, the uncertainty analysis of the experimental apparatus is firstly 
presented in Section 4.2. This is followed by the discussion on experimental apparatus 
(which is designed and built by the author) and procedures in two aspects: (i) the 
adsorption characteristic in Sections 4.3 and 4.4, and (ii) the bench-scale pressurized 
adsorption chiller in Section 4.5.  
The adsorption characteristic experiments cover both the adsorption isotherm 
and kinetics. The adsorption isotherms of refrigerant R134a, R410a and R507a with 
activated carbons, Maxsorb III and activated carbon fibre (ACF) A20, were measured 
experimentally using the constant-volume-variable-pressure (CVVP) method at 
temperature ranges from 278 K to 338 K and pressures up to 1.4 MPa. Meanwhile the 
adsorption kinetics for activated carbon Maxsorb III with Methane, R134a, R410a, 
and R507a were evaluated experimentally from 278 K to 318 K and pressures up to 
1.0 MPa. The experimental apparatus allows the direct adsorbent temperature and 
system pressure measurement the adsorption processes.  
The last section of the chapter described the experimental investigation of the 
bench-scale, batch-operated pressurized adsorption refrigeration chiller (PAC), where 
its performance at different operating conditions can be evaluated and analyzed. 
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4.2 Uncertainty Analysis 
In this section, the general uncertainty analysis technique is described (Coleman, 
1999). Considering a general case in which an experimental result, J is a function of k 
measured variables X as 
 ( )1 2, ,..., kJ J X X X=  (4.1) 
Equation 4.1 is the data reduction equation used for determining J from the measured 
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 (4.2) 
where the Ux are the uncertainties in the measured variable X. It is assumed that the 
relationship given by Equation 4.2 is continuous and has continuous derivatives in the 
domain of interest, that the measured variables X are independent of one another, and 
that the uncertainties in the measurable are independent of one another.  If the 








Equation 4.2 can be rewritten as  








=∑  (4.4) 
Then by dividing J2 to each term in Equation 4.2, and multiplying (Xi/Xi)2, which 
course is equal to 1, to each term on the right hand side of Equation 4.2, one can 
obtain the following 
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 (4.5) 
where UJ/J is the relative uncertainty of the result. The factors Ux/X are the relative 
uncertainties for each variable. In general, the uncertainties will be numbers less than 
1. The factors in the parentheses that multiply the relative uncertainties of the variable 









 The UMF for a given Xi indicates the influence of the uncertainty in that 
variable on the uncertainty in the result. A UMF value greater than 1 indicates that the 
influence of the uncertainty in the variable is magnified as it propagates through the 
data reduction into the result, and vice versa.  
 
4.3 Adsorption isotherm 
The nexus of an adsorption cycle design is the determination of adsorption isotherms 
of the adsorbent-adsorbate pair as well as the isosteric heat of adsorption. 
Experimental studies are needed for various combinations of adsorbent-adsorbate 
pairs. The present section reports on the ongoing effort towards generating 
experimental adsorption isotherm data for samples of activated carbons with 
halocarbon refrigerant. Adsorption isotherms of specimen Maxsorb III and ACF A20 
over a temperature range of 293~338 K and for pressures up to 1.4 MPa were 
measured using the constant-volume-variable-pressure (CVVP) method.  
 




The halocarbon refrigerant R134a, R410a and R507a used are of high purity grade. 
The adsorbate or refrigerant thermodynamic properties are evaluated from the NIST 
Reference Fluid Thermodynamic and Transport Properties Database (REFPROP). 
The activated carbon, Maxsorb III (by Kansai Coke Company, Japan) and ACF-A20 
(by Unitika Co. Ltd., Japan) are used to determine the adsorption characteristics on 
R134a, R410a and R507a. The former is in powder form, while the later is in fibrous 
form. The detailed photos of the pitch-type adsorbent, i.e., the Maxsorb III, and 
fibrous-type adsorbent ACF-A20 are captured by the scanning electron microscope 
(SEM), as shown in Figures 4.1 and 4.2 respectively, whilst the Brunauer-Emmet-
Teller (BET) surface area, total pore volume, average pore diameter of the samples 
are furnished in Table 4.1 (Saha et al., 2006b, 2007).  
 
Figure 4.1 Scanning electron micrograph (SEM) of Maxsorb III activated 
carbon. 




Figure 4.2 Scanning electron micrograph (SEM) of ACF-A20 activated carbon 
fibre. 
 
From the SEM photos, the surface structure of Maxsorb III is observed to be flake-
like layer with porous volumes entrenched in between and cylindrical shapes with 
uniform surface diameter for ACF-A20. 
 
Table 4.1 Porous Characteristics of Activated Carbon 










Maxsorb III 3150 1.7 2 2.2 
ACF-A20 1930 1.05 2.16 2.2 
 
4.3.2  Apparatus and procedure 
The constant-volume-variable-pressure (CVVP) adsorption isotherm experimental 
apparatus is shown schematically in Figure 4.3. The overall pictorial views for the 
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CVVP test rig are shown in Figure 4.4. The experimental apparatus consists mainly of 
a stainless steel (SS 304) adsorption cell and a charging cell with internal volume of 
50 ± 5% ml and 1000 ± 5% ml respectively, at which the pictorial view for the 
adsorption and charging chambers where the adsorption process take place in situ are 
shown in Figure 4.5.  The adsorption cell is connected to the charging cell through 1/4 
inch nominal stainless steel piping and a set of compression fittings to withstand 
pressure of greater than 2 MPa.  
Before loading the adsorbent samples into the adsorption cell, Maxsorb III and 
ACF-A20 were firstly weighted in the Computrac Max 5000 Moisture Analyzer, as 
shown in Figure 4.6, which has an accuracy of ± 0.1 mg. The samples were heated in 
situ at 155 °C for 2 hours for thorough degasification. The dry masses are recorded as 
5.80 g and 5.11 g for Maxsorb III and ACF-A20 respectively. Then the samples were 
loaded into the adsorption cell with packing density of 0.1~0.12 g·cm-3. 
The pressure readings were measured using a 0-5 MPa range KYOWA 
pressure transducer (PGS-50KA) with an uncertainty of 0.1 % of full scale in 
measurement. The temperatures of the adsorption and charging cells were recorded 
using the 4 wires, 1/3 DIN, Pt 100 Ω RTDs with estimated uncertainty of ± 0.15 K. 
The adsorption cell RTD was in contact with the activated carbon to enable direct 
adsorbent temperature measurement, thence the adsorption cell temperature was used 
as the isotherm temperature. All the temperatures and pressure readings were logged 
into an Agilent data logger with 10 s interval over the entire experiment. In order to 
prevent condensation, a thermostat-controlled tape heater was wrapped around the 
capillary tubing. Due to continuous circulation of the bath fluid, and adequate time for 
thermal stabilization, it is assumed that no temperature gradient occur within the cells.  
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Prior to the adsorption isotherm measurements, the entire assembly was 
evacuated for 24 hours using a BOC Edwards direct drive vane vacuum pump to an 
ultimate vacuum level of 0.05 mbar (with valves 3, 4, and 5 opened). During the 
evacuation, the adsorption cell was maintained at 140-155 °C to desorb any residue 
gas in the cell. The residue gas from the vacuum pump was then discharged into a 
fume hood. Helium gas was injected into the system to improve the evacuation and 
ensure thorough desorption.  
After the evacuation (valve 3, 4, and 5 closed), the adsorption cell was isolated 
from the charging cell. The sample was then cooled down to the required adsorption 
temperature, at which both the adsorption and charging cells were immersed in a 
temperature controlled water bath, which connected to the heating/refrigeration 
circulator (HAAKE F8-C35) to control the pre-selected temperature via the Thermo 
Haake FuzzyStar® fuzzy logic control. The unit operated in the temperature range 
from 5 to 95 °C with accuracy of ± 0.01 °C.  
The charging cell was pressurized with the refrigerant (R134a, R410a and 
R507a) from its source (with valve 5 closed) and allowed to stabilize in order to 
determine the initial refrigerant amount charged into the cylinder. Then the adsorption 
process commenced with the needle valve (valve 5) opened, i.e. refrigerant vapour 
was released into the adsorption cell. The whole system was allowed to stabilize to 
determine the final adsorption amount. The pressures and temperatures were recorded 
at 10 s interval over the entire experiment. These readings play the important role in 
determining the amount of gas adsorbed by the adsorbent. Subsequently, the charging 
cell was charged to higher pressure with the bath maintained at constant temperature. 
Measurements were made over different quantity of gas in the charging cell to cover a 
pressure below the saturation pressure. The same procedures were repeated at 
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different isotherms. The system pressures were limited to 0.7, 1.4, and 1.1 MPa for 
R134a, R410a and R507a, respectively, in the experiment. This precaution was 
necessary to avoid the possibility of condensation refrigerant in the capillary and the 
associated errors in the estimation of adsorbate present in the apparatus. For each 
sample (Maxsorb III and ACF-A20), a series of adsorption experiments are carried 














































Figure 4.3 Schematic of the CVVP adsorption isotherm experimental apparatus. 
 




Figure 4.4 Overall pictorial view of CVVP adsorption isotherm experimental 




























Figure 4.6 Computrac Max 5000 Moisture Analyzer, with an accuracy of ± 0.1 
mg. 
Pressure Transducers 
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4.3.3 Data Reduction 
The quantitative amount of adsorbed adsorbate is determined for the generation of 
isotherms of the single-component adsorbent-adsorbate system. For a given amount of 
adsorbate contained in a system, the temperature, volume, and pressure are dependent 
variables and they are related by the general form: 
 ( ), , 0f P V T =  (4.1) 
or simply known as the equation of state (EOS). With a closed but adsorbent filled 
vessel, i.e. constant volume, the variable V can be treated as a constant (thus ignored) 
and the modified equation of state of the adsorbent-adsorbate pair would incorporate 
the concentration of vapour uptake that reside within the pores of adsorbent, i.e., 
 ( ), , 0f P V q =  (4.2) 
At initial stage of the experiment, adsorbate vapour is introduced into the 
charging cell of a known volume. In the absence of the adsorbent, the initial mass of 
adsorbate is calculated from the following equation, 
 ( )_ ,i ab i c cm P T Vρ=  (4.3) 
where ρab_i is the initial adsorbate density at charging temperature, Tc and Vc is the 
charging cell volume. 
When the dosing and charging cells are connected, adsorption occurs in the 
pores of the adsorbent and the void volume Vvoid in the adsorption cell, which is given 
as 
 ACvoid ads AC
solid
mV V v mµρ
= − −  (4.4) 
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where Vads is the adsorption cell volume, mAC is the mass of activated carbon Maxsorb 
III or ACF-A20 in the adsorption cell, ρsolid is the solid density of activated carbon, 
and νμ is the micro pores volume of the activated carbon. The analysis presented here 
assumes that the total micro pores volume of adsorbent is constant. This volume is 
inclusive of the vapour space in the adsorption cell and the adsorbate mass is 
calculated using the generalized equation of state proposed by Tillner-Roth and 
Baehr, (1994) at respective adsorption temperatures, Tads and pressures, P as   
 ( ),void ab ads voidm P T Vρ=  (4.5) 
where ρab is the density of gas (adsorbate) in the adsorption cell. The remaining 
amount of adsorbate at each isotherm is calculated from 
 ( ), ,f ab f ads totalm P T Vρ=  (4.6) 
where Vtotal=Vc+Vvoid and ρab,f is the adsorbate density at respective isotherm 
temperature.  
 The total mass in the control volume at initial and final stages are, 
respectively: 
 ( ) ( ) ( ) ( ), , , ,, , , , , ,total i ab i ads i AC im P T q m P T m P T q m P T= + +  (4.7) 
 ( ) ( ) ( ) ( ), , , ,, , , , , ,total f ab f ads f AC fm P T q m P T m P T q m P T= + +  (4.8) 
From conservation of mass, 
 
( ) ( ) ( )
( ) ( ) ( )
, , ,
, , ,
, , , ,
, , , ,
ab i ads i AC i
ab f ads f AC f
m P T m P T q m P T
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Since the mass of activated carbon, mAC is constant, and there is no adsorption 
at the initial stage, the above equation reduces to   
 ( ) ( ) ( ), , ,, , , ,ab i ab f ads fm P T m P T m P T q= +  (4.10) 
Hence, the amount of adsorbate uptake, mads can then be estimated from 
 ( ) ( ) ( ), , , ,ads i fm P T q m P T m P T= −  (4.11) 
which is dependent on all three pressure, P temperature, T and specific uptake q. 





=  (4.12) 
 The similar data reduction approaches apply in the adsorption kinetics 
experiment. 
 The overall uncertainty of the experimental test rig can be found by 
substituting Equation 4.12 into Section 4.2, which is equal to 5.8 %. 
 
4.4 Adsorption kinetics 
The understanding of the transport mechanism of the adsorbent-adsorbate system is 
crucial in designing the thermally driven sorption system. Extensive studies regarding 
the adsorbate diffusivity in solid adsorbents using the gravimetric or volumetric 
apparatus have been conducted previously (Eagan et al., 1971, Doelle and Riekert, 
1977, Fiani et al., 2000, Brunovská et al., 1978, 1980, 1981, Armstrong et al., 1966, 
Chihara et al., 1976, Lee and Ruthven, 1979, Ruthven et al., 1980, Ruthven and Lee, 
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1981, Sircar, 1983, He et al., 2009). Although the indirect volumetric measurement 
method is likely to be less accurate, Belmabkhout et al., (2005) had shown that the 
average deviation between these methods is only about 3 %. Hence, the CVVP 
apparatus used for the adsorption isotherm measurements is modified to conduct the 
kinetics test. The present section reports on the experimental adsorption kinetics data 
for activated carbon, Maxsorb III with methane, R134a, R410a and R507a for 
pressures up to 1 MPa and temperatures from 5 to 45 °C.  
 
4.4.1 Material 
Four types of adsorbate, namely methane, R134a, R410a and R507a are used in the 
kinetics experiment. The Maxsorb III pitch-based activated carbon, which is supplied 
by Kansai Coke and Chemicals Co. Ltd., Osaka, Japan, is highly micro-porous and in 
powder form. The scanning electron microscope (SEM) photograph of Maxsorb III is 
shown in Figure 4.1 where the surface structure is observed to be flake-like layers 
with porous volumes entrenched in between. The thermophysical properties were 
measured with Autosorb 1-MP machine using N2 adsorption isotherms at 77.3K, the 
BET surface area and the specific pore volume were tabulated in Table 4.1. 
 
4.4.2 Apparatus and procedure 
The adsorption kinetics experimental apparatus is similar to the adsorption isotherms 
test rig, at which the main difference is that a pneumatically actuated pressure 
regulator is installed in between the stainless steel adsorption and charging cells 
through 1/4 inch nominal stainless steel tubing, as shown in Figure 4.7. An electronic 
pressure controller (Emerson-Tescom ER3000) is mounted over the pneumatic 
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actuated regulator which is able to control pressures ranges from sub-atmosphere to 
20,000 psi with flow coefficient up to 45. The resistance of gas flow through the 
regulator is neglected. The ER3000 is a microcontroller-based device that implements 
a digital PID (Proportional/Integral/Derivative) control algorithm to regulate process 
pressure.  
In a typical application, the supply pressure is allowed into the ER3000 via a 
pulse-width modulated solenoid valve at the inlet port and loads the dome of a dome 
loaded regulator. The ER3000 senses the pressure from a pressure transducer mounted 
downstream in the process, as shown in Figure 4.8, and compares the feedback signal 
to the set pressure every 25 milliseconds. If the feedback is lower than the set point, 
the ER3000 opens its inlet valve, allowing pressure to flow onto the dome of a 
pressure reducing regulator. This will open the main valve of the regulator, increasing 
the downstream pressure. The ER3000 will continue to increase pressure on the dome 
of the regulator, i.e. increasing the downstream pressure until the feedback signal is 
equal to the set pressure, vice versa. The detailed wiring for the ER3000 pressure 
control system configuration can be found in the Appendix A 
Apart from this, two pressure transducers (Kyowa-PGS-50KA) were installed 
at the charging and adsorption cells with an uncertainty of 0.1 % of full scale in 
measurement. The temperatures of the adsorption and charging cells were recorded 
using class-A Pt 100 Ω RTDs with estimated uncertainty of ± 0.15 K. The adsorption 
cell RTD was in contact with the activated carbon to enable direct temperature 
measurement. All the temperature and pressure readings were logged into an Agilent 
data logger every 1 second to enable real time monitoring of the adsorption uptake. 

























































Figure 4.7 Schematic of the volumetric adsorption kinetics experimental 
apparatus. 
 




Figure 4.8 Pictorial view of the ER3000 pressure controller. 
 
Prior to the kinetics experiment, the entire assembly was evacuated for 24 
hours to a vacuum level of 0.5 mbar with regeneration temperature of 140 – 150 ºC. 
This temperature range was selected for the optimum degassing of the adsorbent 
loaded in the adsorption cell. In addition, helium was purged into the system 
intermittently during regeneration to enhance the residue gas removal.  
After evacuation, the adsorption cells were isolated from the charging cell 
(with valves 3, 4, and 5 closed). The sample was then cooled down to the required 
adsorption temperature, at which both the adsorption and charging cells were 
immersed in a temperature controlled water bath, which was connected to the 
heating/refrigeration circulator (HAAKE F8-C35) to maintain the preset temperature 






From charging cell 
To adsorption cell 
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When the system stabilized, the charging cell was pressurized with the 
adsorbate from its source (with valves 4 and 5 closed). After sufficient time for the 
system to stabilize, the electronic controller was triggered to actuate the pressure 
regulator. The adsorbate vapour was released into the adsorption cell keeping the 
pressure constant at a preset value. The pressure and temperature were recorded at 1 
second intervals over the entire experiment. A class-A Pt 100 Ω RTD was inserted 
into the adsorption cell to measure the adsorbent temperature in situ. With this, the 
adsorbent temperature increase during the adsorption process can be captured. These 
two readings (system pressure and adsorbent temperature) play the important role in 
determining the amount of gas adsorbed by the adsorbent. The adsorption process 
usually takes one hour to reach the equilibrium state.  
After each adsorption process, the regulator (V5) is closed to isolate the 
sorption cell with the charging cell. The adsorbent in the sorption cell is then 
regenerated at 140 – 150 °C for 8 hours and helium was purged into the system to 
enhance the removal of residual gas. The adsorption cell was then ready for the next 
pressure readings. Measurements were made over different quantities of adsorbate in 
the charging cell to cover a pressure range below the saturation pressure for respective 
adsorbent, up to 1 MPa. This precaution was necessary to avoid the possibility of 
condensation of refrigerant in the capillary and the associated errors in the estimation 
of adsorbate present in the apparatus. The same procedures were repeated for four 
types of adsorbate, namely the methane, R134a, R410a and R507a at temperatures 
ranging from 5 – 45 °C.  
Chapter 4 Experiments 
89 
 
4.4.3 Impact on Gaseous Compressibility  
In order to understand the gaseous transport mechanism in the pitch-based activated 
carbon micropores and extract the transport parameters from the experimental uptake 
results, it is necessary to quantify the effect of temperature changes due to the sudden 
compression (pressurization) of adsorbate into the sorption cylinder.  
The effect was measured by conducting ‘blank runs’ (without any adsorbent in 
the test chamber) at respective conditions similar to the actual experiments. The actual 
temperature effects due to adsorption, i.e. heat of adsorption can then be determine by 
offsetting the temperatures increase during the ‘blank runs’ with the temperatures rise 
measured from the kinetics experiments. 
 
4.5  Batch-operated pressurized adsorption chillers 
The following section describes the design development, apparatus and operation 
procedures for the bench-scale pressurized-adsorption chiller (PAC).  
 
4.5.1 Design development and apparatus 
Figure 4.9 shows the fully assembled bench scale pressurized-adsorption chiller 
comprising four major components, namely two reactors or beds, an evaporator and a 
condenser. The pressure transducers (Kyowa, PGS-10KA) with an uncertainty of 0.1 
% of full scale in measurement were installed at each component.  
The reactors are connected to the evaporator and condenser via the motorized 
on/off ball valves. There is an additional motorized ball valve connected in between 
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the two reactor beds. This additional connection is for the pressure equalization in the 
two beds during the switching process. The insert in Figure 4.9 shows the PAC testing 
facility with all the insulation installed. 
 
Figure 4.9 Test facility of the bench-scale batch-operated pressurized-adsorption 
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The evaporator as shown in Figure 4.10 consists of a stainless steel cylinder 
with internal diameter of 70.0 mm and thickness of 8.0 mm, and two stainless steel 
plates. The plates are connected to the evaporator body using eight M8 bolts and nuts, 
with gasket placed in between the interfaces. The evaporator is design and pressure 
tested to withstand working pressure up to 10 bar. There is a heater coil welded onto 
the bottom cover of the evaporator as shown in Figure 4.10 (b and d). DC power 
between 0~24 W is supplied through the heater terminal to give the assorted constant 
heat flux to the evaporator, simulating the heating load.  
Meanwhile there are four ports on the top cover for pressure gauge, lead 
through, refrigerant liquid return line from condenser, and refrigerant vapour line 
connected to the reactors, shown in Figure 4.10 (C). There are four temperature 
sensors (thermistors with accuracy of ± 0.01 °C) placed inside the evaporator to 
measure the refrigerant vapour, refrigerant liquid, evaporator top cover surface, and 
evaporator bottom cover surface temperatures, as shown in Figure 4.10 (b).   
The connections between the evaporator and the reactors are the stainless steel 
tubing with 3/8 inch outer diameter (thickness of 0.8 mm) and two motorized ball 
valves. The stainless steel tubes are connected to the reactors with standard 
compression fittings. Furthermore, a flexible heater tape is wrapped around the 
connections to prevent any possible condensation inside the tubes during the 
experiment, as shown in Figure 4.11. 
In the current study, refrigerant R134a is used in the pressurized adsorption 
chiller, the evaporator temperature can reach below 0 °C. Hence, additional copper 
tubing is coiled around the evaporator body and external coolant loop (glycol) is 
Chapter 4 Experiments 
92 
 
passed through to minimize the heat leak to the environment (or simulating different 
ambient conditions), as shown in Figure 4.12. 
 
 
Figure 4.10 The evaporator unit; (a) The assembled evaporator with top and 
bottom covers connected to the body, (b) shows the internal components of the 

















line to reactors 













Figure 4.11 The evaporator unit and connections to reactors. 
 
 
Figure 4.12 The copper tubing coiled around the evaporator unit. 
Lead through Pressure transducer 








Glycol inlet and outlet 
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The major components of a reactor or bed comprises (1) a circular stainless 
steel (SS 316L) end cover plate, (2) the stainless steel (SS 316L) enclosure, and (3) 
two copper finned-tube heat exchangers packed with activated carbon Maxsorb III, as 
shown in Figure 4.13.  
The heat exchanger block with dimensions of 140.0 mm X 136.0 mm and 
height of 21.0 mm as shown in Figure 4.13 (a and b) compsists of 43 fins. The first 
and last fins have a thickness of 0.9 mm, whereas the rest of the fins are 0.2 mm thick, 
with fin pitch of 3.0 mm. The thicker fins give a stronger structure for the heat 
exchanger. Maxsorb III activated carbon powders are filled in the empty spaces 
between fins and are hold in place by the stainless steel mesh (with 500 meshes per 
inch). Each heat exchanger block is filled with 81 g of Maxsorb III (measured using 
the Computrac Max 5000 Moisture Analyzer, with an accuracy of ± 0.1 mg). The 
total amount of Maxsorb III packed in the reactor beds are 324.0 g. The detailed 
design calculations of the amounted needed in the reactor are shown in Appendix B. 
Additional frames (internal) were brazed onto each surface of the heat 
exchanger block, and the external frames are screwed onto the internal frames to hold 
the stainless steel meshes. There are two thermistors placed in each heat exchanger 
block to measure the Maxsorb III temperature at different locations of the bed, 
another thermistor is placed inside the reactor to measure the refrigerant vapour 
temperature. There are all together five thermistors with accuracy of ± 0.01 °C in the 
reactor. The thermistors wires are connected to the electrical lead through (10 pins, 
MIL-C-5015, CeramTec).  
The stainless steel 316L cylindrical enclosure has internal an diameter of 
208.0 mm and thickness of 15.0 mm. The Poly-Tetra-Fluoro-Ethylene (PTFE) with 
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thermal conductivity = 0.25 W/m·K, is inserted in the internal part of the stainless 
steel enclosure to reduce the heat transfer from the heat exchanger to the enclosure. 
There are two ports developed on the top surface of the enclosure, one for the 
electrical lead through and the other for the pressure transducer, as shown in Figure 
4.13 (c). 
The end cover is a circular stainless steel plate with diameter of 290.0 mm and 
thickness of 15.0 mm. There are four drilled through ports (3/8 inch) for connecting 
the heat exchanger copper tubes. The copper tubes were connected to the ports using 
compression fittings which pressure tested up to 12 bar. Furthermore, a circular ring 
with diameter of 228.0 mm (radius of 2.5 mm) is machined on the inner surface of the 
end plate. This extruded ring is to enhance the gasket sealing, i.e. PTFE which prevent 
leakage of refrigerant from the reactor, as shown in Figure 4.13 (d). The flanges and 
enclosures are connected using twelve M8 bolts and nuts. A torque wrench is used to 
obtain equal torque during tightening the bolts and nuts. The external cooling and 
heating loops are added to the reactors to enhance the adsorption and desorption 
processes respectively.  
 




Figure 4.13 The reactor unit; (a) the heat exchanger packed with Maxsorb III 
activated carbon, (b) heat exchanger wrapped with stainless steel wire mesh, (c) 
the stainless steel enclosure, (d) the arrangement of heat exchanger on stainless 
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The condenser is an air-cooled cross flow type which comprises of four copper 
tubes, 51 fins (width 40.0 mm, length 165.0 mm) with 3.0 mm fin pitch, a vapour and 
a condensate collector tubes. The condenser is brazed to the collector tubes with 
dimension of 25.4 mm (width), 185.0 mm (length), 25.4 mm (height) and thickness of 
2.0 mm. The condenser pressure, inlet and outlet temperatures can be monitored 
through the Kyowa pressure transducer with uncertainty of 0.1 % full range 
measurement, and two 4 wires, 1/3 DIN, Pt 100 Ω RTDs with estimated uncertainty 
of ± 0.15 K. The connections between the condenser and the reactors are the stainless 
steel tubing with 3/8 inch outer diameter (thickness of 0.8 mm) and two motorized 
ball valves. The stainless steel tubes are connected to the reactors with standard 
compression fittings. In addition, a flexible heater tape is wrapped around the 
connections to prevent any possible condensation inside the tubes during the 
experiment, as shown in Figure 4.14. The outlet port of condenser is led to the 
evaporator via a ¼ inch pressure metering valve and ¼ inch stainless steel tube. The 
pressure metering valve is used to control the flow rate of the liquid refrigerant from 
the condensate and create a pressure difference between the condenser and 
evaporator. 




Figure 4.14 The condenser unit and connections from reactors. 
 
In this experiment, the data acquisition unit includes an Agilent (30970A) 
Data Acquisition System, and a personal computer. The Agilent Data Acquisition unit 
is used to accurately capture the required temperatures (thermistors and RTD sensors) 
and pressures (Kyowa, PGS-10KA pressure transducers), at the evaporator, reactors 
and condenser. The calibration of pressure transducer, temperature sensors, and data 
logger are traceable to national standard. Power input to the heater coil in evaporator 
is provided by the GW Instek GPD-3303S series programmable linear D.C. power 
supply with minimum 1mV / 1mA resolution, which right fits into the accurate 
control of power source. 
Condensate 
collector 
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Since the pressurized adsorption chiller is a fully automatic, batch operated 
machine, a control system is necessary for the operation sequences of the machine. A 
computer program using the LabVIEW version 8.6 is used in conjunction with the 
pressurized adsorption chiller to control the opening and closing of (i) the motorized 
valves for the refrigerant loop, (ii) the solenoid valves for the external heating and 
cooling loop, at different time interval in a batch cycle, and (iii) record the 
temperatures and pressures so that the performance of the pressurized adsorption 
chiller can be computed. The design and fabrication of a bench scale pressurized 
adsorption chiller has been successfully completed. This chiller is relatively compact, 
fully automatic and free of moving parts (except condenser fan). 
 
4.5.2   Procedure 
A full scale test plant as shown in Figure 4.9 has been built to test-run the pressurized 
adsorption chiller (PAC). Prior to the experiment, the test facility (evaporator, 
condenser, reactors and piping systems) is first evacuated by a two-stage rotary vane 
vacuum pump (BOC Edwards pump) with a water vapour pumping rate of 315 ×10-6 
m3·s-1. An alumina-packed fore line trap is installed immediately upstream of the 
vacuum pump to prevent back migration of oil mist into the test apparatus.  
During evacuation, hot water at 90 °C is supplied to both the reactors to heat-
up the Maxsorb III to remove moisture and air trapped in the reactors. Similarly 
electric power is supplied to the heater coil and heater tape wrapped around the 
connection tubes to remove moisture and air trapped in the evaporator and 
connections respectively. System pressures are continuously monitored by four 
pressure transducers, located at the condenser, evaporator, and reactors. 
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 After a sufficient time of vacuuming and removing moisture from the 
reactors, the system is cooled to nearly ambient temperature and the required vacuum 
(about 2 mbar) is obtained. The vacuum pump is switched off and helium, with a 
purity of 99.9995 %, is charged into the system to remove any trace of residual air or 
water vapour. The charging of helium and vacuuming of the system are repeated until 
satisfactory vacuum condition is achieved. Based on measurements involving only 
helium and Maxsorb III, it is concluded that there is no measurable interaction 
between the inert gas and the adsorbent. The effect of the partial pressure of helium in 
the reactors is found to be small.  
After regeneration and vacuuming of the system, the required amount of 
refrigerant R134a, about 1004.6 g is firstly charged into the evaporator via a 
refrigerant charging unit. The test facility is then ready for the experiment.  
The test facility is fully automatic with three time intervals in each cycle for 
the pressurized adsorption chiller, namely (i) switching time, the time allowances for 
the hot and cold external coolant to pre-heat and pre-cool the beds before the vapour 
refrigerant entering or leaving the reactors. All motorized ball valves are closed 
during the switching period, (ii) operation time, the adsorption/desorption time 
requirements in the reactors, only the necessary motorized ball valves, and solenoid 
valves of hot and cold external coolant are opened, and (iii) delay time, the time 
requirement for the suction of residue hot/cold coolant in external loop, this is to 
make sure that hot/cold coolants flow back to respective circulator before the 
switching begins.   
The external cooling and heating water loop goes through the heat exchanger 
block at the respective reactors during the adsorption and desorption process. The 
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cold and hot water inlet temperature is controlled by the constant temperature 
circulator (PolyScience Model 9712), with temperature stability of ± 0.01 °C at 30 
and 85 °C, respectively. The external cooling/heating sources flow rates can be 
regulated by changing the pumping rate of the circulator and manual ball valves are 
installed at the return line of the circulators to further throttle the flow rate. The 
solenoid valves are installed to control the flow direction of the cooling and heating 
water into the respective reactors.  
The condenser fan is always switched on to continuously reject heat (Qreject) to 
the environment and the air flow through the condenser is controlled by the fan input 
power. The control system activates the DC power supply (for heater coil), the 
motorized ball valves (off/on control for refrigerant loop) and the solenoid valves 
(off/on control for external coolant loop) to start the operation process. Refrigerant 
vapour is generated in the evaporator chamber as the heating power (Qflux) is 
constantly supplied to the heater coil from the DC power.  
During the operation period, the control system activates valves “V2” and 
“V3”, whereas valves “V1” and “V4” are remain closed. The motorized valve “V3” is 
opened to allow vaporized refrigerant from the evaporator to enter the pre-cooled 
reactor (adsorber bed, R2), and valve “V2” is opened to release desorbed refrigerant 
(from desorber, R1) into the condenser, where the desorbed refrigerant is condensed 
and heat is rejected to the environment. The warm condensate flows back to the 
evaporator via the pressure metering regulator “M1”, to complete the refrigerant loop. 
Meanwhile, the solenoid valves “S1”, “S3”, “S5”, and “S7” are activated to allow the 
hot/cold water to flow through the desorber/adsorber beds respectively, as shown in 
Figure 4.15. 
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At the end of the operation period (or the time delay period), the control 
system closes all the motorized ball valves but leaves valve “V5” open to allow 
pressure equalization between the two reactor beds. This is to enhance the adsorption 
and desorption in both the adsorber and desorber beds, respectively. Similarly, 
solenoid valves “S1” and “S5” are deactivated leaving “S3” and “S7” opened, to 
allow the residue hot/cold water to flow back to the respective reservoirs, as shown in 
Figure 4.16. 
Subsequently, during the switching process the control system closes all the 
motorized ball valves, and activates solenoid valves “S2”, “S4”, “S6” and “S8” for the 
pre-heating and pre-cooling of the reactors. The role of the reactors inter-changed, i.e. 
the adsorber bed (R2) which is cooled in the previous cycle is heated up, while the 
desorber bed (R1) in the previous cycle is cooled down by external cooling loop, as 
shown in Figure 4.17. After a sufficient time of pre-heating and pre-cooling, the 
reactors are ready to take the role of adsorption and desorption again. The detail 
control schedule of the pressurized adsorption chiller is furnished in Table 4.2.  
All the temperature and pressure readings are continuously monitored by a 
calibrated data logger (Agilent 34970 Acquisition system). The calibration of pressure 
transmitters, temperature sensors, and the data logger are traceable to national 
standards. In the present test facility, the major measurement bottleneck lies in the 
measurement of the vapour pressures and reactor temperatures. 
 




Figure 4.15 Schematic diagram showing the valves configuration of the 








































Figure 4.16 Schematic diagram showing the valves configuration of the 













































Figure 4.17 Schematic diagram showing the valves configuration of the 
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Table 4.2 Control schedule of a Pressurized Adsorption Chiller 
Cycle 1  
OP R1 DES V2, V4 → OPEN 
V1, V3 → 
CLOSE 
S1, S3, S5, S7 → OPEN 
S2, S4, S6, S8 → 
CLOSED 
R2 ADS 
DELAY V5 → OPEN 
V1, V2, V3, V4 → 
CLOSE 
S3, S7 → OPEN 
S1, S2, S4, S5, S6, S8 → CLOSED 
SW R1 DES→ADS V1, V2, V3, V4, 
V5 → CLOSE 
S2, S4, S6, S8 → OPEN 




OP R1 ADS V1, V3 → OPEN 
V2, V4 → 
CLOSE 
S2, S4, S6, S8 → OPEN 
S1, S3, S5, S7 → 
CLOSED 
 R2 DES 
DELAY V5 → OPEN 
V1, V2, V3, V4 → 
CLOSE 
S2, S6 → OPEN 
S1, S3, S4, S5, S7, S8 → CLOSED 
SW R1 ADS→DES V1, V2, V3, V4, 
V5 → CLOSE 
S1, S3, S5, S7 → OPEN 
S2, S4, S6, S8 → 
CLOSED 
 R2 DES→ADS 
 
ADS: Adsorption stage, DES: Desorption Stage 
SW: Switching period, OP: Operation period 
Cycle = Operation + Delay + Switching 
R1: Reactor 1 or bed 1, R2: Reactor 2 or bed 2 
V1, V2, V3, V4, V5: Motorized ball valve (OFF/ON control) 
S1, S2, S3, S4, S5, S6, S7, S8: Electro-magnetic valve (OFF/ON control) 
 
 
Repeat from cycle 1 




The adsorption characteristic experimental test rigs which cover both the adsorption 
isotherm and kinetics are designed and built in the laboratory. The activated carbon 
Maxsorb III and activate carbon fibre ACF-A20 are selected to studies the adsorption 
characteristic with halogenated refrigerant R134a, R410a and R507a. On the other 
hand, only activated carbon Maxsorb III is used in the kinetics experiment with 
Methane, R134a, R410a, and R507a as adsorbate. The experimental apparatus allows 
the direct adsorbent temperature and system pressure measurement.  
In the mean time, the bench-scale, batch-operated pressurized adsorption 
refrigeration chiller (PAC) where designed and commissioned, where its performance 
at different operating conditions can be evaluated and analyzed. The experimental 
findings are presented in Chapter 5. 
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Chapter 5 Results and Discussion 
5.1 Introduction 
The current chapter presents the experimental data for the adsorption isotherms, 
kinetics and the performance analysis of the pressurized adsorption chiller (PAC). The 
adsorption isotherms data for Maxsorb III-R134a, Maxsorb III-R410a, Maxsorb III-
R507a, ACF A20-R134a and ACF A20-R507a are obtained. The Dubinin-Astakhov 
(DA) equation is used to predict the adsorption isotherms for the assorted working 
pairs. It is found that the predicted isotherms are within the experimental uncertainty. 
Extending the DA isotherm equation, the isosteric heats of adsorption are determined. 
For verification, these experimental isotherms are compared with published data 
available from literature. Similarly, the kinetics experiment data are correlated using 
the proposed non-isothermal kinetics equation. The proposed equation predicted the 
adsorption kinetics behaviour with reasonable accuracy and compared with published 
data for verification. From the fundamental adsorption characteristic equation, the 
entropy of the Maxsorb III-R134a pair is plotted on the T-s diagram. For the 
verification of the adsorption chiller modelling shown in Chapter 3, the 
experimentally measured results for the PAC are compared with the simulation 
results.  
 
5.2 Adsorption isotherms 
Experimental adsorption isotherm data for Maxsorb III-R134a, Maxsorb III-R410a, 
Maxsorb III-R507a, ACF A20-R134a, and ACF A20-R507a are obtained and 
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presented in Tables 5.1 to 5.5, which covered pressures range up to 1.4 MPa, and 
temperatures from 5 to 85 °C. Figure 5.1 provides the typical pressure and 
temperature profiles of the adsorption chamber after the refrigerant vapour releases 
and adsorption process commenced. The temperature rise of the adsorbent is due to 
the evolution of heat during adsorption process and the rapid drop in the adsorption 
side pressure (indicated by dotted circular mark) is due the shutting off of the valve 
connecting between the charging and adsorption chambers. Both pressures and 
temperature stabilized after the adsorption chamber reaches the equilibrium state and 
the readings are recorded every 10 second. The adsorbed mass of refrigerant is 
calculated from the amount of vapour transferred to the adsorption chamber and the 
left over amount at the equilibrium state, as state in Chapter 4.  
The isotherms data for Maxsorb III-R134a at 20 °C are compared with 
previous study (Akkimaradi et al. 2001), which is shown in Figure 5.2. Both the 
adsorption isotherm curves of Maxsorb III-R134a and Maxsorb II-R134a belong to 
IUPAC classification Type 1. This is mainly because of their microporous 
characteristic, in which the pore size is not very much greater than the adsorbate 
molecular diameter. The spread of specific uptake can be ascribed to the variability in 
the surface area and pore distribution of the adsorbent. It is therefore important to 
understand the adsorption characteristics for particular adsorbent-adsorbate pair. This 
is because the isotherm characteristics are rarely possible to extrapolate from one 
specimen to another.  
 
 




Figure 5.1 Typical pressure and temperature profiles during adsorption in 
adsorption chamber: Pressure (- - - - - -), and Temperature (−−−−−−−). 
 
 
Figure 5.2 Comparison of isotherm data for Maxsorb III activated carbon 
(−−◊−−) and Maxsorb charcoal (- - □ - -) with R134a at 20 °C. 
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5.23 4.21 0.40 34.99 62.46 0.91 64.98 88.49 0.64 
 19.62 0.95  92.01 1.07  122.91 0.77 
 60.02 1.44  130.20 1.21  166.43 0.90 
 116.67 1.85  171.85 1.33  213.64 1.00 
 182.89 2.09  215.05 1.45  263.03 1.09 
 262.18 2.18  261.25 1.56  316.09 1.18 
 299.58 2.21  310.07 1.66  372.59 1.25 
14.91 10.61 0.55  362.44 1.75  432.11 1.33 
 55.54 1.21  418.53 1.85  497.11 1.41 
 144.49 1.71  481.02 1.91  566.83 1.49 
 278.64 2.08  541.75 1.96  634.99 1.56 
 393.74 2.16 44.98 71.39 0.81 75.02 96.54 0.57 
 434.44 2.18  102.34 0.96  133.02 0.69 
20.01 50.18 1.06  142.23 1.10  178.36 0.80 
 78.45 1.21  185.89 1.21  227.38 0.90 
 113.58 1.37  231.44 1.31  278.62 0.99 
 151.58 1.52  280.08 1.41  333.81 1.07 
 190.96 1.66  331.60 1.51  392.35 1.15 
 233.26 1.79  386.26 1.59  454.10 1.22 
 278.69 1.91  445.13 1.69  521.91 1.30 
 329.09 1.97  509.30 1.77  594.61 1.37 
 383.81 2.03  571.51 1.84  665.04 1.45 
 443.71 2.05 54.96 79.94 0.72 84.98 104.45 0.51 
 500.92 2.07  112.76 0.86  142.70 0.61 
24.97 54.20 1.01  154.39 0.99  189.87 0.72 
 82.62 1.17  199.82 1.10  240.52 0.82 
 118.69 1.32  247.38 1.19  293.79 0.90 
 157.91 1.46  298.32 1.29  350.90 0.98 
 198.56 1.59  352.40 1.37  411.40 1.06 
 242.20 1.72  409.57 1.45  475.79 1.13 
 288.60 1.83  471.51 1.54  546.03 1.20 
 339.40 1.91  538.36 1.62  621.32 1.28 
 394.34 1.99  603.09 1.69  694.70 1.35 
 455.64 2.01       
 514.18 2.04       
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 kg kg-1 
5.05 24.94 0.23 44.92 46.40 0.14 
 68.09 0.54  118.01 0.32 
 124.68 0.84  203.61 0.50 
 210.33 1.15  287.76 0.65 
 305.95 1.41  395.06 0.80 
 410.43 1.64  552.96 0.98 
 514.97 1.84  676.33 1.10 
 663.92 1.98  852.88 1.24 
 849.98 2.06  1053.62 1.38 
 898.06 2.08  1276.93 1.52 
15.03 33.08 0.25 65.07 62.29 0.12 
 79.59 0.51  144.70 0.26 
 139.01 0.77  221.96 0.37 
 230.18 1.03  312.82 0.49 
 347.37 1.27  420.64 0.61 
 464.15 1.48  550.77 0.73 
 607.94 1.70  696.39 0.84 
 820.89 1.90  877.91 0.95 
 1140.07 2.01  1105.99 1.08 
20.14 31.02 0.21  1324.00 1.19 
 86.91 0.48    
 151.47 0.72    
 244.41 0.97    
 348.22 1.17    
 468.20 1.36    
 616.18 1.57    
 796.80 1.77    
 1040.02 1.92    
 1309.33 2.00    
25.02 32.01 0.18    
 82.22 0.40    
 143.85 0.62    
 229.18 0.85    
 334.11 1.05    
 463.38 1.24    
 602.96 1.42    
 746.64 1.59    
 943.59 1.77    
 1431.80 1.96    
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 kg kg-1 
5.14 6.24 0.31 45.00 14.94 0.24 
 28.26 0.79  63.32 0.58 
 89.03 1.20  147.12 0.87 
 193.38 1.54  263.36 1.08 
 418.64 1.94  385.16 1.23 
 533.45 2.00  506.55 1.35 
 614.27 2.03  636.62 1.46 
 698.04 2.06  797.25 1.57 
15.02 6.32 0.26  1006.80 1.69 
 33.17 0.71 64.90 27.82 0.21 
 102.07 1.11  80.14 0.44 
 212.98 1.41  168.80 0.69 
 343.37 1.66  280.28 0.87 
 466.81 1.82  390.92 1.00 
 592.08 1.91  502.07 1.10 
 681.02 1.95  653.24 1.21 
 737.36 1.97  794.79 1.29 
 843.45 1.99  937.44 1.37 
 928.71 2.02  1062.76 1.43 
25.03 12.39 0.28    
 47.10 0.67    
 123.93 1.04    
 242.93 1.30    
 357.29 1.48    
 475.88 1.64    
 621.96 1.78    
 797.22 1.89    
 947.47 1.93    
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 kg kg-1 
5.09 23.79 0.35 65.02 23.42 0.16 
 59.85 0.73  67.05 0.34 
 120.75 1.01  132.26 0.50 
 185.99 1.22  213.36 0.61 
 276.74 1.28  296.30 0.70 
 301.79 1.28  389.90 0.78 
20.0 16.67 0.30  482.64 0.86 
 41.39 0.56  580.22 0.92 
 86.47 0.78  675.23 0.97 
 163.56 1.00  763.75 1.01 
 258.47 1.17 85.32 24.29 0.06 
 394.39 1.25  80.81 0.22 
 513.02 1.28  155.68 0.37 
25.0 13.76 0.26  249.31 0.49 
 39.82 0.52  347.26 0.58 
 96.53 0.77  437.63 0.65 
 185.55 0.99  522.86 0.71 
 283.08 1.14  579.37 0.73 
 395.46 1.21  686.59 0.81 
 508.38 1.25    
 581.80 1.26    
 623.37 1.27    
44.58 22.83 0.19    
 59.90 0.41    
 119.93 0.62    
 198.84 0.77    
 282.49 0.89    
 378.67 0.99    
 475.62 1.08    






Chapter 5 Results and Discussion 
115 
 












 kg kg-1 
5.11 6.67 0.21 25.00 25.81 0.34 
 25.14 0.47  84.68 0.58 
 70.24 0.70  198.40 0.77 
 149.90 0.89  316.22 0.89 
 249.77 1.04  427.07 0.97 
 375.90 1.14  551.42 1.05 
 510.77 1.18  620.52 1.07 
 628.78 1.20  690.14 1.09 
14.98 17.67 0.33  735.56 1.10 
 79.67 0.65  785.92 1.11 
 186.31 0.84  895.12 1.13 
 305.93 0.98  998.38 1.14 
 431.67 1.08  1108.14 1.14 
 554.81 1.13 45.02 11.46 0.14 
 630.36 1.14  44.43 0.31 
 688.25 1.15  110.17 0.49 
 737.66 1.16  217.01 0.64 
 792.50 1.16  340.77 0.74 
 851.64 1.17  462.67 0.81 
 899.03 1.17  570.51 0.86 
 947.11 1.18  675.00 0.90 
20.01 6.62 0.17  767.13 0.94 
 29.71 0.41  875.04 0.97 
 91.83 0.64  979.43 1.00 
 202.19 0.82  1113.53 1.02 
 317.43 0.94 64.99 25.42 0.10 
 432.48 1.03  60.30 0.21 
 551.07 1.09  134.51 0.37 
 668.39 1.12  240.13 0.50 
 783.81 1.14  363.02 0.60 
 903.99 1.16  459.49 0.65 
 1014.62 1.17  565.68 0.70 
    667.92 0.75 
    772.89 0.77 
    888.67 0.81 
    1017.67 0.84 
    1139.51 0.87 
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In the current study, the experimental isotherm data for Maxsorb III-R134a are 
crosschecked with, (i) no adsorbed volume correction (Equation 3.18), (ii) adsorbed 
phase volume correction (Equation 3.13), for R134a, the constant in equations 3.16 
and 3.17  are Tboil = 246.78 K, Tcril = 374.21 K, vboil = 7.2643 x 10-4 m3 kg-1, and b = 
9.39 x 10-4 m3 kg-1, and (iii) with Tóth  model (Equation 3.8). 
The DA equations with and without volume corrections, and Tóth correlations 
(Equations 3.13, 3.18, and 3.8, respectively) are plotted with the experimental data. 
The deviation between these predicted uptakes and experimental uptake are shown in 
Figure 5.3. The deviation of DA equation without volume corrections and 
experimental uptake is satisfactorily found to be within 5 % as shown in Figure 5.3. 
However with the Tóth and DA models with volume corrections, the predictions fall 
outside the 5 % limits. The DA equation with volume corrections always predicts 
lower values than those of the experimental uptakes in the uptake ranges from 0.5 to 
1.3 kg kg-1. For uptake values greater than 1.3 kg kg-1, the DA equation with volume 
corrections gives satisfactorily accuracy within 5 %.  On the other hand, the Tóth 
model always over estimated the uptake capacity compared to experimental results. In 
view of this, the DA equation without volume correction (Equation 3.18) is chosen in 
the current study to predict the remaining adsorbent-adsorbate working pairs. All the 
deviations of the DA equation without volume and experimental uptake for refrigerant 
R134a, R410a and R507a with Maxsorb III, and R134a and R507a with ACF A20 are 
satisfactorily found to be within 5 %, as plotted in Figures 5.4 and 5.5, respectively.  
The experimental isotherm data for Maxsorb III-R134a, Maxsorb III-R410a, 
Maxsorb III-R507a, ACF A20-R134a and ACF A20-R507a are plotted in Figures 5.6 
to 5.10, respectively. The predicted DA isotherm models without vapour volume 
correction (Equations 3.18) are superimposed onto the measured isotherm data to 
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predict the adsorption isotherm uptake. The numerical coefficient for the adsorption 
parameters can be regressed from the experimental data and shown in Table 5.6 with 
the overall regression deviations within approximately 5 % of experimental data. The 
refrigerant R134a has the lowest system pressure and yet gives the highest uptake 
capacity compared to R410a and R507a. The optimum uptake of Maxsorb III-R134a 
is 2.22 kg kg-1. This is followed by Maxsorb III-R410a, Maxsorb III-R507a, ACF 
A20-R134a, and ACF A20-R507a at 2.07 kg kg-1, 2.05 kg/kg, 1.29 kg kg-1, and 1.19 
kg kg-1 respectively. For the same adsorbate (refrigerant), the ACF A20 has lower 
uptake capacity compare to Maxsorb III, due to its lower porosity. 
 
 
Figure 5.3 Comparison of adsorption uptake deviations between calculated and 
experimental uptake for Maxsorb III-R134a: ♦-DA equation without volume 
correction, □-DA equation with volume correction, and Δ-Tóth model. 
 




Figure 5.4 Comparison of adsorption uptake deviations between experimental 
uptake and predicted value using DA equation without volume correction, for ○-
Maxsorb III-R134a, □-Maxsorb III-R410a, and Δ-Maxsorb III-R507a. 
 
 
Figure 5.5 Comparison of adsorption uptake deviations between experimental 
uptake and predicted value using DA equation without volume correction, for ○-
ACF A20-R134a, and Δ-ACF A20-R507a. 




Figure 5.6 Experimental isotherm data for Maxsorb III- R134a at ◊-5 °C, ♦-15 
°C, □-20 °C, ■-25 °C, ∆-35 °C, ▲-45 °C, ○-55 °C, ●-65 °C, x-75 °C, +-85 °C with 
error bars of 5 %, and solid lines refer to DA equation (Equation 3.18). 
 
 
Figure 5.7 Experimental isotherm data for Maxsorb III- R410a at ◊-5 °C, ♦-15 
°C, □-20 °C, ■-25 °C, ▲-45 °C, ●-65 °C, with error bars of 5 %, and solid lines 
refer to DA equation (Equation 3.18). 




Figure 5.8 Experimental isotherm data for Maxsorb III- R507a at ◊-5 °C, ♦-15 
°C, ■-25 °C, ▲-45 °C, ●-65 °C, with error bars of 5 %, and solid lines refer to 
DA equation (Equation 3.18). 
 
 
Figure 5.9 Experimental isotherm data for ACF A20- R134a at ◊-5 °C, □-20 °C, 
■-25 °C, ▲-45 °C, ●-65 °C, +-85 °C, with error bars of 5 %, and solid lines refer 
to DA equation (Equation 3.18). 





Figure 5.10 Experimental isotherm data for ACF A20- R507a at ◊-5 °C, ♦-15 °C, 
□-20 °C, ■-25 °C, ▲-45 °C, ●-65 °C, with error bars of 5 %, and solid lines refer 
to DA equation (Equation 3.18). 
 
Table 5.6 Correlation coefficients and overall deviations with experimental data 
using the Dubinin-Astakhov (DA) equation without volume corrections. 
Adsorbent Adsorbate qo, kg kg-1 Ea, J mol-1 n, - 
Average 
error, % Remarks 
Maxsorb 








III R410a 2.07 5254.38 1.36 3.3 
Maxsorb 
III R507a 2.05 7547.24 1.34 2.57 
ACF-A20 R134a 1.29 7136.01 1.49 5.48 
ACF-A20 R507a 1.19 8100.78 1.45 3.18 
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5.3 Isosteric heat of adsorption 
Isosteric heat of adsorption is conventionally expressed as a function of concentration 
as its dependence on temperature is relatively weak (Akkimaradi et al., 2001, Prasad 
et al., 1999). The Clausius-Clapeyron equation is commonly used to estimate heat of 
adsorption at constant concentration.  In the current study, the isosteric heat of 
adsorption as a function of loading was calculated from the experimentally measured 
adsorption isotherm by using Equation 3.56.  
The isosteric heat of adsorption for respective adsorbent-adsorbate pairs as a 
function of surface loading and temperature are depicted in Figures 5.11 to 5.15. The 
Qst values decrease with increasing adsorbate loading. Since Maxsorb III and ACF-
A20 activated carbons are highly porous with micropores of different width, at the 
initial stage of adsorption, the adsorbates (R134a, R410a and R507a) adsorbed rapidly 
onto the sites of high energy.  
As adsorption progresses, adsorbate molecules adsorbed onto adsorbent pores 
of lower energy. The adsorbate molecules firstly penetrate into narrower pores 
resulting in a stronger interaction between the adsorbate and the adsorbent. This 
implies a higher value of Qst at lower loadings. After completely filling the smaller 
pores, the adsorbate molecules are gradually accommodated in larger pores, in which 
the adsorption affinity becomes weaker. A monotonic decrease in the Qst as a function 
of loading is therefore observed from Figures 5.11 to 5.15. 




Figure 5.11 Isosteric heat of adsorption for Maxsorb III-R134a. 
 
 
Figure 5.12 Isosteric heat of adsorption for Maxsorb III-R410a. 
 




Figure 5.13 Isosteric heat of adsorption for Maxsorb III-R507a. 
 
 
Figure 5.14 Isosteric heat of adsorption for ACF A20-R134a. 
 




Figure 5.15 Isosteric heat of adsorption for ACF A20-R507a. 
 
During an adsorbate uptake, the effects of the non-ideality of the gaseous 
phase contribute about 7 to 15 % of the total isosteric heat of adsorption. The heat of 
adsorption varies from 150 to 420 kJ kg-1 depending on the adsorbate loading or 
uptake. Such basic experimental isotherms and isosteric heat of adsorption of 
adsorbent-adsorbate system can be used in the design and analysis of the adsorption 
cooling system. 
 
5.4 Adsorption kinetics 
In this work, the experimentally measured kinetics data for the adsorption of methane, 
refrigerant R-134a, R-410a (near azeotropic blend of HFC-32 and HFC-125), and R-
507a (azeotropic blend of HFC-125 and HFC-143a) onto pitch-based carbonaceous 
material (Maxsorb III) are correlated with the proposed non isothermal kinetics 
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model. The kinetics tests are conducted at 4 different set temperatures (5, 15, 30, 45 
°C) and pressures up to 10 bar.  
 
5.4.1  Effects of heat evolution during adsorption process 
At first, the adsorbent temperatures rose during the kinetics experiment are 
present in Figures 5.16 to 5.19. The graphs show the adsorbent temperature profiles in 
current experiments during the adsorption process for refrigerants R134a, R410a, 
R507a and methane onto Maxsorb III at the respective pressures and temperatures. In 
contrast, the charging chamber temperatures remained constant throughout the 
experiment. With the initial temperatures for all the four cases maintained at pre-
selected conditions, the adsorbent temperature rose drastically and reached its peak 
within 20 seconds during the adsorption process. These are consistent with adsorption 
as an exothermic process, i.e. thermal energy (isosteric heat of adsorption) is released 
during adsorption. In all cases, the adsorbent experienced a significant temperature 
increase, i.e. more than two times of the initial equilibrium temperature. The increases 
in adsorbent temperature are more significant in adsorption of halocarbon refrigerants 
compared with methane adsorption onto Maxsorb III. With these results, it is 
concluded that the effect of adsorbent temperatures is important in the analysis of 
kinetics gas adsorption mechanism. Therefore, it is vital that a non-isothermal kinetics 
model is required to predict the actual kinetics behaviour of the vapour uptake, as 
proposed in Equation 3.32.  
During the kinetics experiment, the adsorption cell was submerged in a 
temperature controlled water circulator to maintain the adsorbent at equilibrium 
temperature. Hence, the adsorbent eventually reached the equilibrium temperatures. 
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The adsorption process was continued until the system pressures and temperatures 
became stabilized, at which the rate of change for pressure and temperature are less 
than 1 mbar/30 minutes and 0.2 °C/30 minutes, respectively. 
 
 
Figure 5.16 Charging cell (−−−−−) and adsorbent (- - - - -) temperature versus 
time during adsorption kinetics process for Maxsorb III-R134a at P*=3.1 bar, 
T*=5 °C. 
 




Figure 5.17 Charging cell (−−−−−) and adsorbent (- - - - -) temperature versus 




Figure 5.18 Charging cell (−−−−−) and adsorbent (- - - - -) temperature versus 
time during adsorption kinetics process for Maxsorb III-R507a at P*=6.1 bar, 
T*=5 °C. 
 




Figure 5.19 Charging cell (−−−−−) and adsorbent (- - - - -) temperature versus 




Figure 5.20 Charging cell (−−−−−) and adsorption cell (- - - - -) pressure versus 
time during adsorption kinetics process for Maxsorb III-R134a at P*=3.1 bar, 
T*=5 °C. 
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On the other hand, Figure 5.20 illustrates both the pressure profiles in the 
adsorption and charging chambers. The adsorption cell pressure was maintained 
constant throughout the kinetics process using the electronic-controlled pressure 
regulator to study the kinetics mechanism in constant concentration condition. The 
adsorption cell pressure reached its pre-set pressure within 2-3 seconds from the 
instant that the regulator is opened.  
 
5.4.2 Effects of compressibility of adsorbate during charging 
Furthermore, in order to understand the exact gaseous transport mechanism in 
the single component adsorbent-adsorbate systems (i.e. Maxsorb III-CH4, Maxsorb 
III-R134a and Maxsorb III-R507a) it is necessary to quantify the effects of 
temperature changes due to the sudden compression (pressurization) of adsorbate into 
the sorption cylinder. Hence the temperature increases due to sudden compression 
were measured by conducting ‘blank runs’ experiment, i.e. with no specimens inside 
the sorption cell, at respective conditions similar to the actual kinetics experiments. 
Figure 5.21 shows the temperatures profiles of the kinetics tests, the ‘blank runs’, and 
the offset temperatures for refrigerant R134a with Maxsorb III at equilibrium pressure 
and temperature of 3.1 bar and 5 °C, respectively. The offset temperature is simply 
calculated by the following equation, 
 ( )*offset ads emptyT T T T= − −  (5.1) 
where Tads represents the adsorbent temperature during the kinetics tests, Tempty is the 
sorption cell temperature during the blank runs.  
 




Figure 5.21 Adsorption cell temperature during kinetics process for Maxsorb 
III-R134a at P*=3.1 bar, T*=5 °C. 
 
The percentage deviations for the kinetics results for the actual run and ‘blank 
run’ are shown in Figure 5.22. It is noticed that the effects of temperature change in 
the sorption cell during the blank runs are insignificant for pressures lower than 10 
bars, i.e. the uptakes deviation are less than 3 %. Hence in the current analysis, the 
effect of temperature rise due to sudden pressurization of adsorbate is neglected. 
However, for higher adsorption pressure, i.e. greater than 10 bar, necessary 
precautions need to be considered for the sudden compression of the adsorbate which 
may lead to considerable temperature increase in the system.  




Figure 5.22 Deviation of uptakes capacity between kinetics test with and without 
temperature offset for ◊-R134a, o-R410A, Δ-R507a and □-Methane at 
temperatures range from 5 to 45 °C. 
 
5.4.3  Validation of proposed model with experimental kinetics data 
The experimental adsorption uptakes for refrigerant R134a with activated carbon 
Maxsorb III at 5, 15, 30, 45, and 60 °C are plotted with respect to time in Figures 5.23 
to 5.27, respectively. The equilibrium pressures for the kinetics experiment are 
selected to be lowered than the saturation pressure at respective temperature. This is 
to prevent any possible condensation of adsorbate in the chambers. As shown in 
Figure 5.23, the kinetics tests are conducted at only two sets of equilibrium pressures, 
i.e. 1.1 and 2.1 bar. Meanwhile, for higher system temperatures, the kinetics tests are 
conducted for pressures setting up to 5.1 bar, i.e. for system temperatures of 30, 45, 
and 60 °C.  
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It may be observed that there is a sudden increase in uptake values at the very 
beginning of the kinetics test and especially for higher system pressures, the effects 
are more significant. The uptakes are then slowly reduced, and eventually increased 
again to reach its equilibrium uptake values. The possible explanation for the 
phenomenon is that the sudden increases of uptake values are mainly due to the 
sudden charging of the adsorbate into the sorption cell at higher pressures, i.e. the 
adsorbate molecules ‘rush’ into the sorption cell and are adsorbed onto the solid 
adsorbent surfaces. However, this will cause the evolution of isosteric heat of 
adsorption which leads to the increase in adsorbent temperature. The adsorbed 
refrigerant molecules are desorbed due to the temperature increased, i.e. uptake values 
decrease gradually. Since during the kinetics test, the external heat sink is used to 
reject the isosteric heat of adsorption, the adsorbent ultimately reaches the 
predetermined temperature, i.e. the temperature of the adsorbent decreases, hence the 
adsorption of refrigerant increases and reachs to the equilibrium uptakes. This shows 
the importance of thermal management in any solid sorption systems, either to reject 
the isosteric heat of adsorption or supply heat during desorption processes. 
The proposed non isothermal kinetics model (dotted lines) are also plotted in 
Figures 5.23 to 5.27 to predict the kinetics values. This model which incorporated the 
system pressures and adsorbent temperatures effects, gives a satisfactory 
approximation to the adsorption uptakes behaviour. The average regression error of 
the proposed model for adsorbent-adsorbate pairs (Maxsorb III-R134a, Maxsorb III-
R410a, Maxsorb III-R507a, and Maxsorb III-CH4) are shown in Figure 5.28, which 
are less than 8.5 %. The kinetics experiment data for Maxsorb III-R410a, Maxsorb 
III-R507a and Maxsorb III-CH4 can be found in Appendix C, the proposed 
correlation are also superimposed onto the graphs. 




Figure 5.23 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R134a versus time at various pressures under adsorption 
temperature of 5°C. 
 
 
Figure 5.24 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R134a versus time at various pressures under adsorption 
temperature of 15 °C. 




Figure 5.25 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R134a versus time at various pressures under adsorption 
temperature of 30 °C. 
 
 
Figure 5.26 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R134a versus time at various pressures under adsorption 
temperature of 45 °C. 




Figure 5.27 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R134a versus time at various pressures under adsorption 
temperature of 60 °C. 
 
 
Figure 5.28 Average regression errors between non isothermal kinetics model 
and experimental uptakes for ◊-R134a, o-R410A, Δ-R507a and □-Methane with 
activated carbon Maxsorb III. 
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 The pre-exponential function D*so, which is a function of equilibrium 
pressure, P* (Equation 3.28) for Maxsorb III-R134a, Maxsorb III-R410a, Maxsorb 
III-R507a, and Maxsorb III-CH4 are plotted against pressure ratio, P*/Pcri, as shown 
in Figures 5.29 and 5.30. The pre-exponential function D*so shows an increasing trend 
with increasing equilibrium pressure, for the Maxsorb III with the halocarbon 
refrigerants. Conversely it shows a decreasing trend with increasing in system 
pressure for the Maxsorb III-CH4 pair. The values of D*so are between 0.1 and 0.8. 
The coefficients (A1 and A2) of the pre-exponential function D*so are presented in 
Table 5.7.  
With these regressed values, the effective mass transfer coefficient ksav of 
Maxsorb III-R134a, Maxsorb III-R410a, Maxsorb III-R507a, and Maxsorb III-
Methane are plotted against the pressure ratio, P*/Pcri at respective temperatures, i.e. 
5, 15, 30, 45, and 60 °C, in Figures 5.31 to 5.34. The effective mass transfer 
coefficients, ksav increases with increasing system temperatures. In addition, the ksav 
have the same trends as the D*so, i.e. increasing with increasing in equilibrium 
pressure, for Maxsorb III with halocarbon refrigerant, while decreasing with 
increasing in system pressure for Maxsorb III-CH4 pair.  
This dissimilarity is due to the difference in adsorption temperatures, i.e. the 
CH4 are operated above the critical temperature, whereas the others are operated 
below the critical temperature of the adsorbates. The similar decreasing trends of ksav 
with system pressures of hydrocarbons can be found in previous work by Ruthven and 
Derrah (1972), at which the system temperature are below the critical temperature. 
From the literature (Ruthven and Derrah, 1972), the ksav also increases with 
increasing system temperatures. 
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On the other hand, the temperature dependent effective mass transfer 
coefficients, β for all the four working pairs, are plotted against temperature ratio, 
T*/T in Figures 5.35 to 5.38. The β values are found to be increasing with the system 
temperatures for all the cases studied, with values between 0.25 ~ 0.9 s-1. The 
coefficients (B1 and B2) of β for all the four adsorbent-adsorbate pairs are presented in 
Table 5.7. 
Table 5.7 Coefficients of the pre-exponential function, D*so, and temperature 
dependence mass transfer coefficient, β. 
 Maxsorb III R134a R410a R507a CH4 
Pcri [kPa] 4059.28 4902.6 3792.1 4599.2 
Tcri [K] 374.21 344.74 343.77 190.65 
A1 0.0859 0.153 0.0356 -0.242 
A2 0.0566 0.0329 0.0165 0.074 
B1 9.14 8.99 7.45 5.25 
B2 -8.3 -8.54 -7.25 -8.85 
     
 
 
Figure 5.29 Pressure dependent pre-exponential constant D*so plotted against 
pressure ratio, P*/Pcri (i.e. Equation 3.28) for ◊-R134a, and o-R410A, Δ-R507a 
with activated carbon Maxsorb III. 




Figure 5.30 Pressure dependent pre-exponential constant D*so plotted against 




Figure 5.31 Pressure dependent effective mass transfer coefficient, ksav plotted 
against pressure ratio, P*/Pcri (i.e. Equation 3.27) for Maxsorb III-R134a at 
adsorption temperature of o-5 °C, Δ-15 °C, □-30 °C, ◊-45 °C, and +-60°C. 
 




Figure 5.32 Pressure dependent effective mass transfer coefficient, ksav plotted 
against pressure ratio, P*/Pcri (i.e. Equation 3.27) Maxsorb III-R410a at 
adsorption temperature of o-5 °C, Δ-15 °C, □-30 °C, and ◊-45 °C. 
 
 
Figure 5.33 Pressure dependent effective mass transfer coefficient, ksav plotted 
against pressure ratio, P*/Pcri (i.e. Equation 3.27) for Maxsorb III-R507a at 
adsorption temperature of o-5 °C, Δ-15 °C, □-30 °C, and ◊-45 °C. 
 




Figure 5.34 Pressure dependent effective mass transfer coefficient, ksav plotted 
against pressure ratio, P*/Pcri (i.e. Equation 3.27) for Maxsorb III-CH4, at 
adsorption temperature of o-5 °C, Δ-15 °C, □-30 °C, and ◊-45 °C. 
 
 
Figure 5. 35 Temperature dependent effective mass transfer coefficient, β plotted 
against temperature ratio, T*/T (i.e. Equation 3.30) for ◊-R134a with activated 
carbon Maxsorb III. 
 




Figure 5.36 Temperature dependent effective mass transfer coefficient, β plotted 
against temperature ratio, T*/T (i.e. Equation 3.30) for o-R410A with activated 
carbon Maxsorb III. 
 
 
Figure 5.37 Temperature dependent effective mass transfer coefficient, β plotted 
against temperature ratio, T*/T (i.e. Equation 3.30) for Δ-R507a with activated 
carbon Maxsorb III. 
 




Figure 5.38 Temperature dependent effective mass transfer coefficient, β plotted 
against temperature ratio, T*/T (i.e. Equation 3.30) for □-Methane with activated 
carbon Maxsorb III. 
 
5.5 Thermodynamics properties 
The entropy is an increasing function of pressure, temperature and uptakes. 
The temperature-entropy (T-s) maps for the single component adsorbent-adsorbate 
pair (Maxsorb III-R134a) system is shown in Figure 5.39. Here q indicates the 
adsorption uptake, and the subscripts ‘ads’ is for adsorption, ‘des’ is for desorption, 
‘cond’ denotes condenser and, ‘evap’ indicates evaporator. The entropy of the 
adsorbed phase is presented here for various pressures. From this graph, one can 
easily calculate and plot the energetic performances of an adsorption cooling cycle in 
terms of entropy flow. The thermal compression process (A→B→C→D) is 
superimposed onto the thermodynamic entropy surfaces, namely pre-heating (A→B), 
desorption (B→C), pre -cooling (C→D), and adsorption (D→A). As a result of the 
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cooling load, there is entropy of evaporation Δsfg (= sE – sH ) in the evaporator. The 
evaporated refrigerant vapour is adsorbed in the Maxsorb III (process E→A).  
During the adsorption process (C→D→A), the cooling source is first supplied 
to the reactor for pre-cool the adsorbent (C→D), at which the reactor bed is isolated 
from both evaporator and condenser. The reactor bed pressure decreases from 
condenser pressure to evaporator pressure. The adsorber is then connected to 
evaporator and adsorption of refrigerant vapour onto Maxsorb III commenced 
(D→A). The amount of adsorbed uptake increases from qdes to qads, and the entropy 
changes from sC to sA.  
On the other hand, for desorption process (A→B→C), heat source is supplied 
into the reactor bed to pre-heat the adsorbent (A→B), and the pressure in the bed rises 
from evaporator pressure to the condenser pressure. The desorber is then connected to 
condenser and desorption of refrigerant vapour from Maxsorb III commenced. The 
amount of adsorbed uptake reduces from qads to qdes, and the entropy changes from sA 
to sC. In the condenser, the refrigerant vapour is condensed and heat energy is release 
into the environment. The entropy changes from sC to sG. Finally the liquid refrigerant 
goes back to the evaporator and completes the refrigerant cycle (H→E→ 
A→B→C→F→G). 
 




Figure 5.39 Temperature-entropy (T-s) diagram of Maxsorb III activated carbon 
with R134a system for adsorption cooling cycle. Here the dotted and solid lines 
represent the vapour and adsorbed phases entropy, respectively. 
 
5.6 Thermodynamic modelling of pressurized adsorption 
refrigeration system  
The performance predictions of a pressurized-adsorption chiller are presented here. 
Using the one-dimensional mass and energy conservation equations and the spatially 
discretized dependent variable along a control volume, the equation sets are solved by 
the finite difference formulations. A series of subroutines are used to calculate the 
adsorption isotherms and kinetics. To speed up the computation, the polynomial curve 
fit of the thermodynamic properties, data of Tillner-Roth and Baehr (1994) are used. 
The original thermodynamic property routines of Tillner-Roth and Baehr (1994) have 
also been applied to the present formalism. These coupled equations are solved 
numerically by the fifth order Gear’s Differentiation Formulae (GDF) method found 
in the DIVPAG subroutine of IMSL FOTRAN Developer Studio software. Double 
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precision has been used, and the tolerance is set to 1 x 10-6. The calculation procedure 
commenced with the initialization of variables, the system geometries and the 
adsorption characteristics of adsorbent-adsorbate systems. The whole system (or 
program) is allowed to operate from transient to cyclic steady state conditions. The 
flow chart of the pressurised adsorption chiller modelling is shown in Appendix D. 
The key parameters analyzed in the simulation are (a) the temperature profiles 
of the adsorber, desorber, condenser and evaporator, (b) the coefficient of 
performance and (c) the load surface temperature of the pressurized adsorption chiller 
for a fixed cooling capacity. The load temperature is estimated using the Rohsenow’s 
boiling correlation of refrigerant R134a (Jabardo et al., 2004). The current simulations 
are based on unit mass of the adsorbent per reactor bed. The values used in the 
simulation are presented in Appendix E. 
Figure 5.40 shows the prediction of the temporal histories for the reactors 
(adsorption and desorption beds), the condenser, the load surface and the evaporator 
by using the transient mathematical model presented in Chapter 3. The temperature 
profiles depicted in Figure 5.40 are simulated at 2.75 W cm-2 heat flux inputs, with 
operation and switching time of 500 and 80 sec, respectively. The evaporator reaches 
a minimum temperature of around 10 °C. The cyclic average energy and mass 
balances for the simulation are found to be around 3 % and 0.005 %, respectively. 
 




Figure 5.40 Temperature profiles of major components of the waste-heat driven 
pressurized adsorption chiller with input heat flux of 2.75 W cm-2. 
 
 
 Figure 5.41 Effects of operation time on chiller average cooling load 
temperature, evaporator temperature and COP. The dotted line shows the 
minimum cooling load temperature at 600 sec cycle time with input heat flux of 
2.75 W cm-2. 
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Figure 5.41 represents a narrow region of the waste-heat driven pressurized 
adsorption chillers operation (cycle time intervals) where the COP shows a monotonic 
increasing before the optima is reached. At the very short cycle times, say a few tens 
of seconds, the COP is expected to be low due to incomplete vapour uptake onto the 
Maxsorb III and the large amount of sensible heat of the heat exchanger modules as 
compared to latent heat transfer. In contrast, a very large cycle time (a few hours) for 
the cycle would saturate the adsorbed vapour onto the Maxsorb III and cooling rate 
would decrease. Thus, there exists in between these extreme cycle intervals an 
optimal COP for the pressurized adsorption chillers. 
On the other hand, the load and evaporator temperatures have demonstrated 
their minima. These simulations have a fixed input heat flux, 2.75 W cm-2 supplied by 
the heater embedded inside the evaporator. From the results, the lowest load surface 
temperature is found to be 14 °C and the cycle time is at 600 sec, whilst the COP is 
computed to be about 0.24. 
 




 Figure 5.42 Effects of operation time on chiller average evaporator temperature 
at respective heat input. 
 
Figure 5.42 presents the chiller operations (cycle time intervals) with the 
evaporator temperatures for Maxsorb III-R134a at different fixed input heat flux, i.e. 
2.75, 1.75 and 1.075 W cm-2. The evaporator experienced higher temperature with 
higher heat flux input. One can see that the evaporator temperatures demonstrated 
their minima at the respective heat flux inputs. The minimum evaporator temperature 
shifted towards longer operation time as the cooling load decreases (shown in dotted 
line). The minimum evaporator temperature occurred between 500 and 800 sec of 
operation cycle time, for the respective cooling loads. Similarly, the Maxsorb III-
R134a working pair demonstrated the sub-zero cooling effects (-2 °C) with the heat 
flux input at 1.075 W cm-2. The evaporator temperatures range from -2 to 12 °C. 
In addition to the transient modelling, the equilibrium modelling is also used 
to study the performance analysis of the adsorption chiller in term of coefficient of 
performance (COP) and specific cooling effect (SCE) of Maxsorb III-R134a working 
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pair. The detailed formulations for the equilibrium model are discussed previously by 
(Loh et al., 2009). The simplified equilibrium modelling enables preliminary 
performance studies for the adsorption chiller. Figure 5.43 shows the simulated COP 
and SCE of the adsorption chiller in accordance to ARI Standard 560, i.e. evaporator 
and condenser temperatures at 6.7 and 29.4 °C, respectively.  
As depicted in Figure 5.43, the COP of the adsorption chiller increases sharply 
at relatively low regeneration temperature, Tregen but exhibits asymptotic behaviour at 
higher regeneration temperature. This happens due to the fact that the requirement of 
heat input is significantly higher when temperature difference between the heat source 
and heat sink becomes greater. The COP for Maxsorb III-R134a at 70 °C regeneration 
temperature is about 0.24, however, the COP approaching 0.28 when the regeneration 
temperature increases to 80 °C. Contrary to COP, SCE increases linearly with the 
regeneration temperature. The simulated value for SCE at 80 °C regeneration 
temperature is 78 kJ kg-1. The SCE approaches zero when the regeneration 
temperature reaches to 55 °C, which means that there are no cooling effects for 
regeneration temperatures below 55 °C. Hence one can deduce that the lowest 
regeneration temperature for the present single-stage adsorption chiller is 55 °C. 
However, the regeneration temperature can be further lowered by two-stage or multi-
stage refrigeration systems (Chua et al., 1999). 




 Figure 5.43 Effects of regeneration temperature on equilibrium cooling cycles 
SCE and COP simulated in accordance to ARI Standard 560, i.e. evaporator and 
condenser temperatures at 6.7 and 29.4 °C, respectively. 
 
Figure 5.44 shows the COP values of the equilibrium and transient models (for 
operation time from 700 sec to 1000 sec) at 85 °C. The COP of the transient model 
approaches the equilibrium model for operation times of 1000 sec, i.e. equal to 0.304 
and 0.31, respectively. This signifies that the COP of the transient modelling will 
approach the equilibrium model when the operation cycle time increases. In other 
words, the idealized equilibrium model is sufficient in predicting the optimum COP of 
the adsorption cooling cycle at respective operating temperatures without going 
through the tedious modelling of the chiller. However, in order to understand the 
actual performance for the adsorption system, the transient model is preferable. 
 




 Figure 5.44 Comparisons between coefficients of performance (COP) for 
equilibrium and transient modelling. 
 
5.7 Pressurized adsorption refrigeration system 
The temperature distributions for the batch-operated pressurized adsorption chiller 
(PAC) of cooling power 24 Watt, and 300 s operation and 65 s switching interval are 
shown in Figure 5.45. The initial temperatures of the adsorber, desorber, condenser, 
and evaporator are 45.8, 79.6, 27.8, and 11.5 °C, respectively. The full cycle consists 
of the operation and switching processes.  
During the first half of the operation cycle (first 300 s), Reactor Beds 1 and 2 
undergo desorption and adsorption, respectively. The supply of external heating and 
cooling through the heat exchangers generate a large temperature lift across the 
designated desorber and adsorber beds. The valves linking the evaporator to the 
adsorption bed is opened and rapid vapour uptakes by the Maxsorb III occur, 
promoting pool boiling within the evaporator and lowering the saturation temperature 
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from the initial 11.5 to 8.5 °C. In the meantime, the desorber is linked to the air-
cooled condenser and the desorbed vapour from desorber bed starts to condense. The 
condenser temperature increases progressively during the initial stage of the 
desorption process and decreases gradually in the later process. This is due to the 
desorbed hot vapour from the desorber bed that causes the temperature of the 
condenser to increase from 27.8 to 30.2 °C. After sometime, the desorption rate 
decreases (less amount of hot vapour desorbed into condenser). The constant heat 
rejection from the condenser to the environment causes the condenser temperature to 
decrease gradually.  
 After the operation (adsorption/desorption) process, the PAC undergoes a 65 s 
switching period where all the valves linking between the condenser and evaporator to 
the designated reactor beds are closed and no mass transfer occurs. Concomitantly, 
the adsorber and desorber beds undergo a pre-cooling and pre-heating schedule, 
where the external heating and cooling loop are mainly to heat up or cool down the 
solid adsorbent, i.e. isosteric heating or cooling processes.  Hence, one can observe a 
drastic temperature drop occurs in the adsorber bed and sharp temperature increases in 
desorber bed. During switching, the heating source is continuously supplied into the 
evaporator and as a result the temperature of the evaporator increases. On the other 
hand, the constant heat rejection through the air-cooled condenser causes the 
condenser temperature to further decrease.   
After the end of the switching process, the next half cycle commences, marked 
by the reversal of roles of the beds. The saturated adsorbent is now being heated for 
desorption and the unsaturated adsorbent is cooled for the vapour uptake.  




 Figure 5.45 Experimental temporal history of the pressurized adsorption chiller 
components, □-reactor bed 1, ■-reactor bed 2, Δ-condenser, and ○-evaporator at 
fixed cooling power of 24 W. The operation cycle (OP) and switching (SW) time 
interval are 300 s and 65 s, respectively. Here OP 1 denotes the first half 
operation cycle, and OP 2 is the second half operation cycle. 
 
Figure 5.46 shows the Dühring diagram of the pressurized adsorption chiller 
(Maxsorb III-R134a adsorbent-adsorbate pair). The thermal compression process with 
cycle time 180 s (dotted line, a→b→c→d→e→f) and 420 s (solid line, 
A→B→C→D→E→F) at fixed cooling capacity of 24 W are superimposed onto the 
Dühring diagram. From the Dühring diagram, one observes that during the cold to hot 
thermal swing of the bed, there is a slight reduction of pressure in the hot bed (at point 
F). The desorbed vapour is purged into the condenser, which is at lower pressure. This 
causes momentary desorption at the beginning of the operation and maintains the 
pressure in the hot reactor and the condenser. On the other hand, during the hot to 
cold thermal swing of the bed, there is a sudden rise of pressure in the cold bed (at 
point C), where the vapour from evaporator is adsorbed onto the adsorbent. The 
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sudden increase or reduction in pressures is only found in a 420 s cycle time, which is 
sufficient operation time for the vapour to be fully adsorbed and desorbed in the cold 
and hot beds, respectively. However, one can notice that the adsorption pressure for 
420 s operation interval is higher compared to the 180 s cycle time. This is because 
for a prolonged operation time (say 420 s), the solid adsorbent is saturated and hence 
the pressure in the evaporator is built up with constant heat input.  
During the switching processes ((a→c/A→C or d→f/D→F), the pressure 
between the adsorber and desorber is equalized (at point e and b for 180 s, and E and 
B for 420 s cycle time) to enhance the adsorption and desorption amount, 
respectively. The sudden increase in adsorber pressures allow more refrigerant vapour 
to be adsorbed (from point d→e/D→E). Conversely, sudden reduc tion in desorber 
pressures allowed more vapour to desorb (from point a→b/A→B). For instance, the 
uptakes for 180 s and 420 s cycle time increase from 1.68 kg kg-1 to 1.82 kg kg-1 and 
1.84 kg kg-1 to 1.96 kg kg-1, respectively. This further improves the difference in the 
vapour uptake of adsorption and desorption at 0.69 kg kg-1 and 0.53 kg kg-1 for 420 s 
and 180 s. The increase in the vapour uptakes differences by the pressure 
equalizations enhanced the PAC performance. The higher concentration change of 
uptake capacity during adsorption and desorption processes leads to higher cooling 
load, i.e. more refrigerant evaporated. 
 




 Figure 5.46 Dühring diagram of the pressurized adsorption chiller at 24 Watt 
cooling loads, for operation time of 180 s (a→b→c→d→e→f) and 420 s 
(A→B→C→D→E→F), dashed lines represent the pressure equalization period 
(a→b, d→e, A→B, D→E) 
 
Figure 5.47 shows the compiled evaporator temperatures as a function of cycle 
time, at different fixed heat input, i.e. 24 W, 10 W and 0 W. The evaporator 
experienced higher temperature with higher heat flux input. One can see that the 
evaporator temperatures demonstrated their minima at respective heat input. The 
minimum evaporator temperature shifted towards longer operation time as the cooling 
load decreases (shown in dotted line). The minimum evaporator temperature occurred 
in between 250 to 350 sec operation cycle time, for respective cooling load. Similarly, 
the Maxsorb III-R134a working pair demonstrated the sub-zero cooling effects at -3 
°C. The evaporator temperatures are ranging from -3 to 9 °C. 




 Figure 5.47 Effects of cycle time on average evaporator temperature at constant 
heat input Δ-24, □-10, and o-0 Watt, insulation surface temperature at 19.5 °C 
(equal to ambient temperature). 
 
Figure 5.48 represents a narrow region of the waste-heat driven pressurized 
adsorption chillers operation (cycle time intervals) where the COP shows a monotonic 
increase before the optima is reached. At very short cycle times, say a few tens of 
seconds, the COP is expected to be low due to incomplete vapour uptake onto the 
Maxsorb III and the large amount of sensible heat of the heat exchanger modules as 
compared to latent heat transfer. In contrast, a very large cycle time (a few hours) for 
the cycle would saturate the adsorbed vapour onto the Maxsorb III and cooling rate 
would decrease. Thus, there exists in between these extreme cycle intervals an 
optimal COP for the pressurized adsorption chillers. 




 Figure 5.48 Effects of cycle time on cycle average COP at constant heat input Δ-




 Figure 5.49 Heat Leak plotted against temperature different between liquid 
refrigerant and outer surface of insulation. 
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Figures 5.49 shows the heat leak plotted against the temperature difference 
between insulation wall and the liquid refrigerant inside the evaporator chamber. The 
heat leak calculated is fitted to a linear equation, which has multiplying factor of 
0.2254. For example, given the evaporator liquid temperature at 2.67 °C and 
insulation surface at 18.8 °C (with heat input of 10 W and at 300 s cycle time), the 
heat leak into the evaporator is about 3.62 W (=0.2254 x [18.8 – 2.67]), i.e. about 36.2 
% of the heat input. 
In order to study the effect of evaporator temperature at lower environmental 
temperatures, external coolant is passed through the copper coil wrapped around the 
external wall of the evaporator, which act as additional insulation layer. With this the 
temperature of outer insulation surface is successfully reduced and maintained around 
15.9 °C and 13.7 °C, for coolant temperatures at -15 and -30 °C, respectively.  
Figures 5.50 and 5.51 indicate the compiled evaporator temperatures as a 
function of cycle time, at different fixed heat input, i.e. 24 W, 10 W and 0 W, at 
insulation surface temperature at 13.7 °C and 15.9 °C, respectively. The evaporator 
experienced higher temperature with higher heat flux input. One can see that the 
evaporator temperatures demonstrated their minima at respective heat inputs, similar 
to the case without additional cooling source. The minimum evaporator temperature 
shifted towards longer operation time as the cooling load decreases (shown in dotted 
line). The minimum evaporator temperature occurred in between 250 to 350 sec 
operation cycle time, for respective cooling load. The pressurized adsorption chiller 
using the Maxsorb III-R134a working pair demonstrated the sub-zero cooling effects.  




Figure 5.50 Effects of cycle time on average evaporator temperature at constant 
heat input Δ-24, □-10, and o-0 Watt, insulation surface temperature at 15.9 °C. 
 
 
 Figure 5.51 Effects of cycle time on average evaporator temperature at constant 
heat input Δ-24, □-10, and o-0 Watt, insulation surface temperature at 13.7 °C. 
 




Figure 5.52 Experimentally measured temporal history compared with the 
simulated temperatures of major components of pressurized adsorption chiller 
at a fixed cooling power of 24 W. Solid lines indicate the simulated results, 
dashed lines represent the experimental measured values. 
 
 The present formulations of the pressurized adsorption chiller (PAC) 
modelling as described in Chapter 3 are compared with the experimental data. Using 
the regressed isotherm equation, isosteric heat of adsorption from experimental 
results, and the proposed kinetics correlations, the simulations of the PAC are 
performed. The predicted and measured temperature profiles of major components of 
the pressurized adsorption chiller are shown in Figure 5.52 (for 24 W load, operation 
and switching times of 300 and 65 s respectively). The first 300 s indicates the 
operation period, followed by the switching process. Considering the limitations on 
modelling, one may observe that the current prediction agrees quite well with the 
experimental measurements at the reactors, condenser, and evaporator. The 
experimental measured temperatures of the desorber are lower than the simulated 
values, whereas the results are reverse for the adsorber. Meanwhile the measured 
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evaporator temperatures are higher compared with the simulated results. These are 
largely due to the sensible heat losses due to the sensible heat loads (thermal mass of 
the components) resulting from the alternating heating and cooling of the adsorbent 
(Maxsorb III), adsorbate (R134a) and the heat exchanger (inside reactor beds). These 
heat loads are included in the system modelling but other heat losses (i.e. to the 




The adsorption isotherms data for Maxsorb III-R134a, Maxsorb III-R410a, Maxsorb 
III-R507a, ACF A20-R134a and ACF A20-R507a are successfully obtained 
experimentally. Among these, the Maxsorb III-R134a gives the highest value for 
optimum uptakes. These isotherm data show good agreements with published 
isotherm data available from the literature and the Dubinin-Astakhov (DA) equation 
is found to best fit the isotherm data. Extending the DA isotherm equation, the heats 
of adsorption are obtained. Similarly, the kinetics experiment data for Maxsorb III-
R134a, Maxsorb III-R410a, Maxsorb III-R507a, and Maxsorb III-CH4 are obtained 
and correlated using the proposed non-isothermal kinetics equation. These adsorption 
kinetics data are compared with published data for verification. From the fundamental 
adsorption characteristic equation, the entropy of the Maxsorb III-R134a pair is 
plotted on the temperature-entropy (T-s) diagram. Finally the experiment pressurized 
adsorption chiller has been successfully designed and commissioned. For verification, 
the experimentally measured results were compared with simulation results, which 
agreed well. 
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Chapter 6 Conclusions 
6.1 Conclusions  
The research work presented in this thesis is a development of an activated carbon 
(Maxsorb III)-halocarbon based refrigerant (R134a) adsorption refrigeration system 
utilising only the low grade heat source (waste heat) or renewable energy.  
Firstly, experimental studies were carried out to investigate the fundamental 
adsorption characteristic of a few pre-selected adsorbent-adsorbate pairs, namely the 
adsorption isotherm, kinetics, and isosteric heat of adsorption. The adsorption 
isotherms of Maxsorb III- R134a (Loh et al., 2010), ACF-A20- R134a, Maxsorb III-
R410a, Maxsorb III- R507a, and ACF-A20-R507a are determined experimentally. 
Among these adsorbent-adsorbate pairs, the Maxsorb III-R134a has the highest 
optimum uptake capacity, i.e. 2.22 kg kg-1, yet the system pressures are less than 10 
bar. However for refrigerant R507a and R410a with Maxsorb III, the optimum uptake 
values are 2.07 and 2.05 kg kg-1 respectively, with system pressures greater than 10 
bar. Thus, the Maxsorb III-R134a was selected as the adsorbent-adsorbate pair in the 
bench-scale adsorption refrigeration test rig. From the adsorption isotherm model, the 
heat of adsorption of the single component adsorbent-adsorbate system, which is an 
extension expression of Clausius-Clayperon model, is derived. The non-ideality of the 
gaseous phase contributes about 7 to 15 % of the total isosteric heat of adsorption. 
The heat of adsorption varies from 150 to 420 kJ kg-1 depending on the adsorbate 
loading or uptake. The experimental isotherms and isosteric heat of adsorption of the 
adsorbent-adsorbate systems are important parameters in the sorption 
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thermodynamics as they are used in the design and analysis of the adsorption 
refrigeration systems. 
Secondly, the adsorption kinetics of R134a, R410a, R507a and CH4 with 
Maxsorb III are determined experimentally from 5 to 45 °C and pressures up to 9 
bars. The experiment proves that the adsorbent temperature increases drastically 
during adsorption, especially for high pressure environment. Improvising the classical 
linear-driving-force model for adsorption kinetics, the author has proposed a new non-
isothermal kinetics model that incorporates measured parameters, i.e. ksav and β. 
These parameters are derived empirically from the adsorbent temperature and system 
pressures, which are directly measured from experiment. A novel correlation is 
established and the validity of the new correlation is demonstrated by the good 
agreement between the predictions and measured experimental kinetics data, which 
are less than 8.5 %.  
The experimental quantifications of these adsorption characteristics 
(adsorption isotherm, kinetics, and isosteric heat of adsorption) are the author’s novel 
contributions. The uptake efficiency is the key property characterizing the thermal 
compression process of an adsorption refrigeration system. The conditions under 
which an adsorption cycle will perform optimally are intricately linked to the 
adsorption characteristics.  
From the fundamental characteristics of the single-component adsorbent-
adsorbate system, the analysis is extended to the thermodynamic properties (entropy, 
enthalpy and internal energy). The entropy (s), enthalpy (h), and internal energy (u) 
are described in term of pressure (P), temperature (T), and the amount of adsorbate 
uptake or surface coverage (q), where the effects of specific heat capacity and heat of 
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adsorption are takes into consideration. The theoretical framework of the adsorbent-
adsorbate systems at which its potency is inter alia determined by adsorption 
isotherms, adsorption kinetics, thermodynamic properties (entropy and enthalpy), 
specific heat capacity and isosteric heat of adsorption is developed. Using these 
equations, the cyclic operation of a pressurized adsorption chiller (PAC) could now be 
accurately modelled. From the modelling, it is found out that for a single-stage 
activated carbon -HFC 134a systems can be operated with source temperature as low 
as 55 °C, the temperature can be further lower by using the two-stage or multi stage 
reactor beds (Loh et al., 2009).  
The design and fabrication of a bench-scale adsorption refrigeration system, 
and experimental studies were carried out to evaluate the system performances. The 
design, developments and fabrication of a bench-scale pressurized adsorption chiller 
(PAC) are the contributions of the thesis. The design of PAC is developed on the basis 
of the adsorption characteristics, i.e. isotherms, kinetics, and heat of adsorption. In the 
PAC experiments, tests are conducted across assorted heat input, cycle and switching 
time intervals for the adsorption cycle. The measured pressure and temperature data 
agree well with the predictions obtained from the thermodynamic model and provide 
a better understanding of the PAC cooling cycle. The PAC with the selected Maxsorb 
III-R134a working pair could attain a minimum sub zero temperature of – 2.93 °C at 
operation time of 360s. Given the limited amount of adsorbent in the AD chiller, the 
experimental measured cycle average COP of the PAC system is 0.15 with evaporator 
temperature, 8.76 °C for heat input of 24 W at operation time of 420 s. 
In conclusion, the study indicates that Maxsorb III activated carbon with 
R134a pair is promising for adsorption refrigeration applications, especially for rapid 
cooling. The PAC is the only refrigeration cycle that could utilise the low temperature 
Chapter 6 Conclusions 
166 
 
heat source, representing a host of the environment-friendly technologies for waste 
heat utilisation. 
 
6.2 Recommendations for Future Work 
Based on the present work, the incremental improvements of the research are 
summarized below: 
• To conduct more experimental kinetics tests for comprehensive investigation of 
assorted adsorbent-adsorbate pairs.  
• To improve the lumped modelling of PAC, the distributed modelling could be 
used and the performance of the PAC could be captured more accurately. 
• To investigate the possibility of incorporating the PAC system with the 
convention vapour compression refrigeration system, since the PAC can supply 
instantaneous cooling at the initial of the cycle, at which the conventional 
system cannot attain.  
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Appendix A Basic wiring for ER3000 to PC  
The necessary wiring for the ER3000 communicating to a PC is shown in figure A.1. 
A PC is typically used to communicate to the ER3000 digitally, but any device 
capable of the interface protocol could be used, such as PLC. 
 
A.1ER3000 Basic Wiring Diagram 
 
Setting up a Typical ER3000 Pressure control System 
In current study, the mode of operation is shown in Figure A.2. The configuration 
shows the ER3000 with a 24 Volt power supply, pressure regulator, 4-20 mA 
transducer, and RS232/RS485 converter. 




A.2 ER3000 Typical System wiring Diagram. 
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Appendix B Design calculations of adsorber/desorber beds for the 
pressurized adsorption chiller using Maxsorb III and 
R134a  
Sample calculations for pressurized adsorption chiller with cooling loads of 300 W. 
1) Cooling load, Qe = 300 W 
2) Assuming total cycle time (operation and switching) = 15 mins = 0.25 hr 
3) Desorption temperature, Td = 80 °C 
4) Adsorption temperature, Ta = 30 °C 
5) Condenser temperature, Tc = 30 °C, condenser pressure, Pc = 780 kPa 
6) Evaporator temperature, Te = 7 °C, evaporator pressure, Pe = 275 kPa 
7) From the Dühring diagram Figure B.1, the Δq = 0.36 kg kg-1 
8)  Latent heat of vaporization of R134a = 193.1575 kJ kg-1 
9) Density of R134a = 1271.276 kg m-3 
10) Amount of refrigerant needed for 15 mins is 
W = (300 x 3600 x 0.25) / 193157.5  / 1271.276 = 0.0011 m3/cycle 
11) Amount of activated carbon needed, 
Mac = 0.0011 x 1271.276 / 0.36 = 3.8845 kg of activated carbon 
12) Activated carbon per bed, mac = 1.9423 kg ≈ 2 kg of activated carbon 
13) Assuming packing density, Dp = 200 kg m-3 
Therefore, the volume of heat exchanger, Vx = 0.01 m3 
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Appendix C Adsorption kinetics experimental data for Maxsorb III 
with R410a, R507a, and methane (CH4) 
C.1 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R410a versus time at various pressures under adsorption 
temperature of 5 °C. 
 C.2 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R410a versus time at various pressures under adsorption 
temperature of 15 °C. 
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C.3 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R410a versus time at various pressures under adsorption 
temperature of 30 °C. 
 
 
C.4 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R410a versus time at various pressures under adsorption 
temperature of 45 °C. 
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C.5 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R507a versus time at various pressures under adsorption 
temperature of 5 °C. 
 
 
C.6 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R507a versus time at various pressures under adsorption 
temperature of 15 °C. 
Appendix C Adsorption kinetics experimental data for Maxsorb III with R410a, R507a 




C.7 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R507a versus time at various pressures under adsorption 
temperature of 30 °C. 
 
 
C.8 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-R507a versus time at various pressures under adsorption 
temperature of 45 °C. 
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C.9 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-CH4 versus time at various pressures under adsorption 
temperature of 5 °C. 
 
 
C.10 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-CH4 versus time at various pressures under adsorption 
temperature of 15 °C. 
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C.11 Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-CH4 versus time at various pressures under adsorption 
temperature of 30 °C. 
 
 
B12. Experimental (−−−−−) and predicted (- - - - -) adsorption uptakes for 
Maxsorb III-CH4 versus time at various pressures under adsorption 
temperature of 45 °C. 
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subroutine in IMSL 
Output Data  
Initialization 




subroutine in IMSL 
Output Data  
Initial value of switching 


















t ≥ 0 
 
Adsorption/Desorption bed 
Tads=Tdes=Tsurr = 30 °C 
Evaporator/Condenser 
Tevap=Tcond=Tsurr = 30 °C 
 t = 0 
 
OP 
Using IMSL Solver for 
Energy and mass balance 
differential equations: 
1. Calculation of 
adsorption isotherms, 
kinetics, etc. 
2. Calculation of R134a 
thermodynamics 
properties from 
Tillner-Roth et al., 
1994) 
OP – operation 
SW – switching 
Y – yes 
N – no 




Appendix E Specifications of component and material properties 
used in the simulation code 
Parameter or material property Value  or descriptive equation, with units 
  units references 
1. Adsorption/desorption beds 
Total heat 
transfer area 
0.41736  m2 From author’s design 
 









0.32  m2 From author’s design 




200.0 W m-2 From author’s experiments 
 
3. Evaporator 
Weight 2.0 kg From author’s design 
4. Activated carbon Maxsorb III 
Weight per bed 0.162 kg From author’s measurements 
Specific heat 
capacity 
930 J kg-1 K-1 Wang et al., 2006b 
5. Refrigerant R134a 
Total weight 1.01 kg From author’s measurements 
6. Adsorption thermodynamics properties From author’s experiments (in 
Chapter 5) 
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